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FRONTISPIECE PANORAMIC VIEW NORTHWARDS ONTO THE CENTRAL PART OF THE 
BULLS RUN COMPLEX . FIELD OF VIEW ABOUT 6 km ,TOTAL RELIEF 
IS SOME 400 m ABOVE TH E M HL ATU Z E RIVE R. 
(i) 
'Ihree gneissose alkaline granitoid intrusives at Ngoye, Bulls Run am 
Wangu are described. '!hey are located within the Nkomo Nappe of the 
TUgela Terrane, near the northern margin of the Natal Metarrorphic 
Province. 
'!he Ngoye Complex comprises alkaline granites, with minor syenite am 
monzodiorite phases. According to modal am geochemical criteria the 
Ngoye granites range from peraluminous (muscovite-bearing), through 
metaluminous (biotite- arrl/or homblerx:le-bearing), to peralkaline 
(riebeckite-, aegirine- arrl magnetite-bearing). '!he granites are 
A-types according to their modal arrl geochemical characteristics. Rb-Sr 
isotopic data for the homblerx:le granites indicate an age of 1063 ± 17 
Ma am the initial ratio (Ra = 0.7025) provides evidence for 
derivation from a mantle source. Plotting of the Ngoye geochemistry on 
tectonic-discrimination diagrams suggests intrusion into rifted 
continental crust. It is concluded that the gneissose Ngoye granites 
constitute a deformed central complex, similar to anorogenic complexes 
in Nigeria arrl the SUdan. 
'!he Bulls Run Complex is situated 30 kIn west of the Ngoye Complex. A 
concentric outcrop pattern has been mapped, according to which an 
envelope of silica-saturated biotite-muscovite syenite surrounds a core 
of nepheline-bearing syenites. Minor intrusive phases include 
biotite-rich dykes, sOvite carbonatite sheets, silica-oversaturated 
microsyenite dykes arrl feldspathic ijolite. '!he outer envelope of 
muscovite-rich syenite is interpreted as fenitised pelitic country 
rock. An alkali -lamprophyre origin is suggested for the biotite-rich 
dykes. Geoc.hemically the syenites are predominantly miaskitic, apart 
from the microsyenite dykes which are mildly peralkaline. Rb-Sr 
isotopic data for the nepheline syenites indicate an age of 1138 ± 45 Ma 
(Ra = 0.70322). Carbonate separates from the carbonatites provide a 
similar low initial ratio (Ra = 0.70319) which supports a coma.grnatic 
mantle origin. A comparison is drawn between the Bulls Run Corrplex am 
miaskitic nepheline syenite gneisses in the mid-Proterozoic Grenville 
(ii) 
Province of canada. From this, it is suggested that the Bulls Rlm 
Complex is pretectonic and was intruded into the rifted passive margin 
of a continent. 
'!he Wangu Granite Gneiss is situated 3 kIn southwest of the Bulls Rlm 
Complex. '!he granites are fine grained and contain aegirine-augite 
and/or magnetite, and classify as alkali-feldspar granite. Peralkaline 
chemistry is characteristic of the Wangu granites, with trace-elenent 
contents irrlicating a distinct A-type signature. Biotite-rich mafic 
dykes intrude the southern part of the Wangu outcrop and, on the basis 
of major- and trace-elenent signatures, are suggested to be 
metamorphosed volatile-rich alkaline lamprophyres similar to those at 
Bulls Run. Geochemical similarities between the Wangu granites and 
certain comendites from the Kenya Rift are noted. It is suggested that 
the Wangu granites were emplaced as high-level dykes, within rifted 
continental crust. 
It is proposed that the Ngoye, Bulls Rlm and Wangu intrusives be united 
as the Nkwaleni suite. 
Comparison of the TUgela Terrane with the Grenville Province reveals 
many similarities, particularly their mid- to late-Proterozoic age and 
the occurrence of pre-tectonic anorogenic continental magmatism. It is 
concluded that, unlike the current model which would have the TUgela 
Terrane as ol::x:lucted ophiolite, these new data indicate that the TUgela 
Terrane is a metamorphosed continental rift system. 
(iii) 
Drie gneisagtige granitoied intrusiewe liggane by Ngoye, Bulls Run en 
Wangu word beskryf. Die liggane korn vCXJr in die Nkomo Nappe in die 
TUgela Terrein naby die nCXJrdelike grens van die Natal MetaIoorfe 
Provinsie. 
Die Ngoye Kompleks bestaan uit alkali graniete met orxiergeskikte sieniet 
en monzodioriet fases. Volgens modale en gecx::hemiese analises varieer 
die Ngoye graniete in samestelling van per-altnninieus (met muskoviet) na 
met-altnninieus (biotiet en\of hornblerxie-bevatterxi) tot per-alkalies 
(met riebeckiet, egirien en magnetiet). Gebaseer op modale en 
gecx::hemiese kernnerke word die graniete as A-tipes geklassifiseer. Die 
Rb-Sr isotoop data van die hornblerxie graniete dui op In ouderdom van 
1063 ± 17 Ma en die aanvangsverhouding (Ra) dui 0P I n mantel CXJrsprong 
(Ra = 0,7025). Verspreiding van die Ngoye gecx::hemiese data op 
tektoniese orxierskeidsdiagranune dui op intrusie in In kontinentale 
slenkdalongewing. Die gevolgtrekking kan derhalwe gemaak word dat die 
gneisagtige Ngoye graniete verteenwCXJrdigend is van In vervonrrle 
sentrale kompleks wat vergelykbaar is met anorogenetiese komplekse in 
Nigerie en SUdan. 
Die Bulls Run Kompleks is 30krn wes van die Ngoye Kompleks gelee. In 
Konsentriese dagsoom patrCXJn van In nefelienryke sienietkern word ornring 
deur In silika versadigde biotiet-muskoviet sieniet. Ondergeskikte 
intrusiewe fases sluit in biotietryke gange, sOviet karbonatietplate, 
silika CXJrversadigde mikro-sienietgange en veldspatiese ijoliet. Die 
ruitenste sone bestaan uit muskoviet-ryke sieniet en word geinterpreteer 
as gefenitiseerde pelitiese orngewingsgesteente. Dit word vCXJrgestel dat 
die biotietryke gange In alkaliese larnprofier-CXJrsprong het. Geochemies 
is die sieniete hCXJfsaaklik miaskities, behalwe die mikro-sienietgange 
wat effens na peralkalies neig. Die Rb-Sr isotCXJp data van die nefelien 
sieniete dui op In ouderdorn van 1138 ± 45 Ma (Ra = 0,70322). 
Karbonaat skeidings van karbonatiete tCXJn CXJk In SCXJrtgelyke 
aanvangsverhouding (Ra = 0,70319) wat In ko-magmatiese mantel 
CXJrsprong orxiersteun. Die Bulls Run Kompleks kan vergelyk word 
(iv) 
met die miaskitiese nefelien sieniet gneise van die Protorosoiese 
Grenville Provinsie in Kanada. Aldus word voorgestel dat die Bulls Run 
Kompleks 'n pre-tektoniese slenkdal intrusie is in die randsone van 'n 
passiewe kontinent. 
Die Wangu Graniet Gneis is 3km suidwes van die Bulls Run Kompleks gelee. 
Die fynkorrelrige graniete bevat egerien-ougiet en\of rnagnetiet en 
klassifiseer as 'n alkali-veldspaat graniet. Die peralkaliese chemiese 
karakter is tiperend van die Wangu graniete, terwyl die 
spoorelernent-samestelling dit as 'n A-tipe graniet kernnerk. Biotietryke 
rnafiese intrusies in die suidelike gedeelte van die Wangu dagsoom word 
aan die harrl van hoof- en spoorelernente-inhoud geklassifiseer as 
gemetamorfiseerde alkaliese rnafiese gesteente met 'n hoe vluginhoud 
soortgelyk aan die van die Bulls Run Kompleks. Geochemiese ooreenkomste 
is ook opgemerk tussen die Wangu graniete en sekere "cornenditiese" 
gesteentes van die Kenia Slenkdal. Dit word voorgestel dat die Wangu 
graniete waarskynlik ingeplaas is as hoe vlak gange in die kontinentale 
kors van die slenkdal. 
Dit word voorgestel dat die Ngoye, Bulls Run en Wangu intrusies 
gesamentlik bekend sal staan as die Nkwaleni SUite. 
'n Vergelyking tussen die Tugela Terrein en die Grenville Provinsie toon 
heelwat ooreenkomste in besonder die middel- tot laat-Proterosoiese 
ouderdorn sowel as die voorkoms van pre-tektoniese anorogenetiese 
kontinentale rnagmatiSll'e. Die slotsorn is dat die Tugela Terrein 'n 
gemetamorfiseerde kontinentale slenkdal sisteem is en nie soos die 
huidige model voorstel, 'n geobdiseerde ofioliet nie. 
(v) 
<llapt:er 1: nm:uxx::rI~ 
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Cllapt.er 1 
1.1 Aims am methodology 
'lhis study forms part of an ongoing research progranune at the University 
of Durban-Westville (tim), aimed at investigating alkaline granitoid 
intrusive bodies in the northern part of the Natal Metamorphic Province 
(hereafter referred to as the NMP). '!he results of field mapping, 
petrographical, geochemical and isotope studies carried out over an area 
of some 200 kro2 across the Ngoye, Bulls Run and Wangu intrusives (Fig. 
1.1) are presented and collated, as a logical extension to earlier 
research on the Ngoye Complex (Scogings 1985). 
Following the initial discovery of alkaline granitoids at Ngoye, and 
realisation of their ilnportance with regard to the tectonic history of 
the NMP, a recormaisance sampling and mapping exercise was commenced in 
1985 to screen the area to the west of Ngoye. By the end of 1986 
several interesting alkaline outcrops had been located (Fig. 1.1) and, 
for the purposes of this thesis, it was decided to restrict work to 
three of these, with the remainder targeted for research at a later 
date. 
In view of the wealth of detailed structural and metamorphic data 
available fram previous investigations of this part of the NMP 
(Cl1.arlesworth 1981, Matthews & Charlesworth 1981, Scogings 1985) this 
study has been directed towards "seeing" through the superimposed 
metamorphic and defonmtional "screen" , so as to elucidate the 
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Figure 1_1_ IDeation of the Ngoye, Bull' s Run and Wangu alkaline 
intrusives within the Tugela Terrane. Other alkaline occurrences 
discovered during initial reconnaissance are also shown. SUl::x:livision of 
the Natal Metamorphic Province after ThOlmS (1990), Thomas et al. 
(1990). 
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pre-deformational character of the granitoid intrusives. '!he term 
"granitoid" is used here in the broadest sense to describe all 
leucxx::::ratic crystalline rocks of granitic field appearance, including 
urrlersaturated syenite, syenite and granite. '!he majority of the rocks 
mapped display gneissose fabrics and, as they are of igneous origin, 
should strictly be classified as gneissic granitoids, meta-granitoids, 
or orthogneisses. However, the gneissosity is heterogeneous and terns 
to be concentrated in mylonitic zones of high strain, with scare of the 
outcrops virtually devoid of any visible fabric. '!herefore, as the 
pn:pose of this thesis is to define the original character of the 
various lithologies, the term "gneissic" is omitted for brevity (cf. 
Scogings 1985). 
1.2 st:rucblre of the dissertatia1 
Chapter 1 introduces the topic, describing and outlining the regional 
geological setting. As the Ngoye, Bulls Run and Wangu granitoid bodies 
are located in the northern portion of the NMP, this area is treated in 
more detail than the southern reaches of the province. Due to the 
alkaline nature of the granitoids, attention is given to highlighting 
the general characteristics of alkaline (A-type) granitoid suites, as a 
basis for discussion in subsequent chapters. 
Qlapt.ers 2, 3 and 4 are devoted to the descriptive geology of the 
Ngoye and Bulls Run Corrplexes and the Wangu Granite respectively. Much 
of the data have been published during the duration of the research 
pr9ject (Scogings 1986, 1989, 1990b, 1991a, 1991b, Scogings & Forster 
1989), and this part of the dissertation aims to summarise earlier 
reports and to update the published database. Additional hitherto 
unpublished data presented for the Ngoye Complex includes certain 
whole-rock analyses, REE data, Rb-Sr isotopic interpretation, microprobe 
mineral analyses and some revisions to the earlier geological map. '!he 
Bulls Run database has been augmented by additional field mapping and 
the discovery of feldspathic ijolite, REE analyses, microprobe mineral 
data, Rb-Sr isotopic data and interpretation of structural infonnation. 
'!he Wangu data have been published recently in some detail (Scogings 
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1989) arrl this thesis includes new information which is related mainly 
to additional field mapping and the interpretation of previously 
unpublished geochemistry. Due to financial arrl logistical constraints 
the Wangu granitoids have not yet been subjected to Rb-Sr isotopic 
investigation. '!his facet will be addressed during the suJ::sequent Ii1ase 
of this ol'Y:Joing study arrl does not materially affect this dissertation. 
Olapter 5 is largely interpretational and uses geochemical arrl 
isotopic data to gain insight into tectonic regiIres operational when the 
alkaline granitoids were intruded. A model embracing continental-rift 
concepts, similar to that for the mid- Proterozoic Grenville Province, 
is suggested in order to account for the spatial arrl temporal 
relationships of the observed lithologies. 
1.3 RegiaBl geological set:t.iIg 
1.3.1 Int:roduct:icn 
'lhe mid-Proterozoic NMP crops out as an elol'Y:Jate basement inlier 
parallel -to the eastern seaboard of Natal and is exposed for sorre 300 kIn 
in a north-south direction, between Port Edward in the south arrl 
Richards Bay in the north (Fig. 1.1). Whereas the exposed northern 
margin of the NMP is known to be in thrusted contact with the Archaean 
Kaapvaal Craton, elsewhere it passes beneath younger sedimentary cover 
~ its true extent is conjectural. However, it is believed to exterrl 
/" 
!lestwards, beneath this younger cover, to connect with the coeval 
Namaqua Province (Nicolaysen & Burger 1965). Although the NMP is 
restricted to a narrow north-south outcrop, a good transverse section is 
, . 
flvailable across the structural grain of the belt, allowing su1:xlivision 
into four major zones (Matthews 1981). 
On the basis of lithological, metamorphic and structural 
characteristics, including the discovery of a previously-unknown 
gneissic terrane to the south of Port Edward ('lhomas & Mawson 1989), 
Matthews' (1981) classification was modified arrl redefined by 'lhomas 
(1989 1990) who recognised four tectonostratigraphic terranes described 
from south to north as: 
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1.3.2 Transkei Terrane 
'!his is an anprlbolite-grade terrane intruded by S-type granitoids, 
distinctly different from the granulite-grade Margate Terrane to the 
north (Thanas & Mawson 1989). 
1.3.3 Margate Terrane 
'!his corresporrls to the Granulite Zone of Matthews (1981) am is 
characterized by granulite-grade supracrustal gneisses, calc-silicates, 
marbles am metapelites of the Mzimkulu Group, into which leucogranites, 
V charncx::kites, mafic sheets and large plutons and batholiths of 
megacrystic rapakivi granite were intruded (Grantham 1983, Merrlonidis & . , 
Grantham 1989, Mendonidis & strydom 1989, Thorras 1989, 1990). The 
northern margin of this terrane is marked by a prominent structural 
discontinuity kn<:Mn as the Melville Shear Zone (Thorras 1989). 
1.3.4 MzuoiJe Terrane 
'!his unit embraces roth the Migrnatite and the Granite Gneiss am Granite .. 
Zones of Matthews (1981). It is characterized by felsic, semi-pelitic 
am pelitic paragneisses and minor amphilx>lites of the Mapurnulo Group 
that have been metamorphosed to . arrphilx>lite grade by intrusion of a -variety of I- and S-type granitoid suites, mafic dykes and A-type . 
rapakivi-granite plutons (Kerr 1985, Eglington 1987, Eglington & Kerr 
1989, Evans et al. 1987, Thomas 1989, 1990). The northern limit of the 
Mzumbe Terrane is drawn at the Mapurnulo Thrust (Fig. 1.1). 
1.3.5 'lU:Jel.a Terrane 
Essentially equivalent to the Northern Frontal Zone of Matthews (1981) 
and the Northern Marginal Zone of Tankard et al. (1982), this terrane is 
v }:)()urrled in the south by the Mapt.mlulo Thrust am to the north by the 
Mfongosi Thrust. ~ defined originally by Matthews (1981) and 
subsequently modified by Thomas (1990), it comprises three major 
structural components, namely the Natal Thrust Belt, the Natal Nappe 
Complex and the Matigulu steep Belt (Fig. 1.2): 
(i) Natal 'Ibnlst Belt: This is a 2 to 5km-wide imbricate zone 
that forms the northern rorder of the TUgela Terrane. It 
comprises southward-dipping tectonic slices of greenschist-
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grade material in which Mfongosi Group meta-pelites am 
metabasalts have been thrust northwards onto conglomerates, 
grits, shales and marine carbonates of the NtinJwe Group 
(Matthews 1972, 1981). 
(ii) Natal NaIPe Q:mplex: '!his extends southwards fran the Natal 
(iii) 
'ltlrust Belt and is a 30 krn-wide package of westward-plunging, 
northward-verging thrust nappes rooted in the Matigulu steep 
Belt (Matthews 1972 1981). Based largely on mapping by Rigotti 
(1977) , Schulze-Hulbe (1977), Harmer (1979), Smalley (1980) 
and Olarlesworth (1981) , Matthews (1981) constructed a 
schematic down-plunge section through the TUgela Terrane to 
illustrate the tectonostratigraphy of the TUgela Group nappes 
(Fig. 1.3). 
'!he nappes are predominantly amphibolitic in composition, with 
infolded elements of granitic gneiss, metapelite, magnetite 
quartzite, am marble (Matthews 1981). In general, fran the 
uppermost 'I\lgela Nappe downwards to the basal Nkomo Nappe, the 
proportion of felsic rocks increases (Tankard et ale 1982). 
Matigulu steep Belt: 'lllis structural unit marks the 
southern limit of the 'I\lgela Terrane and is an elongate E-W 
zone of highly deformed, steep-dipping gneisses, of daninantly 
felsic composition (the Buhleni, Mpisi and Intuze Formations), 
with subordinate amphibole gneisses and arnphibolites 
constituting the Sequernbi am '!hondo Formations (Matthews & 
Olarlesworth 1981). '!he Buhleni Formation is developed 
extensively throughout the steep Belt am is interpreted as a 
deformed S-type granite (Olarlesworth 1981). '!he arnphibolitic 
Sequernbi Formation contains thin carbonate and magnetite 
quartzite layers. 
1.4 Hawes of the 'l\qe.l.a Grwp 
As the Ngoye, Bulls Run and Wangu granitoids, that fonn the basis of 
this thesis, are confined to the lowennost (Nkomo) nappe of the TUgela 
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Figure 1.2. Simplified geological map (Fig. 1.2a) and schenatic 
down-plunge structural profile (Fig. 1 . 2b) of the Tugela Terrane, after 




Terrane, the litholCXJical components of this and the other nappes are 
outlined in some detail: 
1.4.1 '1Ujel.a NaI:Pe 
'!his is the uppermost nappe of the TUgela Group. -It is largely mafic in 
. composition and comprises two tectonic slices (Matthews 1981, Tankard et 
al. 1982). Whereas the lower tectonic slice, designated the 'l\nna 
Fonnation, is relatively felsic, with pelitic, psammitic and mafic 
schists, the upper slice corrprises amphiboli tic gneisses of the Manyane 
Fonnation. '!he western part of the TUgela ~appe is intnxled by the 
"'" the enderbitic Mkondene diorite and the layered 
the latter a predominantly norite/bronzitite/ 
Kotongweni tonalite, 
TUgela Rarrl suite, 
troctolite/gabbro body (Hanner 1979, Matthews & Olarlesworth 1981, 
Wilson 1990). 
1.4.2 Man:lleni NaI:Pe 
LitholCXJically this nappe is similar to the TUgela Nappe, with mafic 
litholCXJies predominant (Matthews & Charlesworth 1981). Whereas the 
) 
mafic rcx::ks are contained within the Wosi, Dorrlwana and Torrlweni 
Fonnations, as well as the sithilo Serpentinite ColTplex, felsic 
semi-pelitic gneisses are exposed mainly in the western part of the 
nappe as the Dulmnbe Fonnation. Magnetite quartzites and quartzites 
occur interlayered with the wosi amphibolites. '!he intrusive Mamh.llu 
ColTplex is a prominent feature of the southern part of the nappe and is 
a saucer-shaped, well-layered, gabbro/pyroxenite/ anorthosite/magnetitite 
body with amphibolitized margins that is exposed over some 25 km2 
(SChulze-Hulbe 1977). 
1.4.3 Madjdjma NaI:Pe 
'!his nappe contains approximately equal proportions of mafic (zwaneni, 
-z:: 
Endlovini and silambo Fonnations) and felsic gneiss (the 'Ihawini, Zidoni 
and Gazeni Fonnations). A large (10 x 5 kIn) metagabbro/ serpentinite 
body, known as the Mlalazi Complex, crops out to the west of the Ngoye 
granite (Olarlesworth 1981) . 
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1.4.4 NkaID Nawe 
'!he Nkorro Nappe contains the three prominent granitoid l:xxlies previously 
designated the Ngoye Granite, Halarnhl Grancxliorite am Bulls Run Syenite 
Gneiss Fonnations (SACS 1980, Matthews & Cllarlesworth 1981), that fo:nn 
the basis of this dissertation. '!hese granitoids constitute the ruJ.k of 
the Nkorro Nappe, with the remainder essentially amphibolitic (the Mtengu 
am Khorro Fonnations). An olivine-noritejtroct.olite body, known as the 
Hlobane Con'plex, is located immediately to the north of the Ngoye 
granite. 
Although previously the granitoids of the Nkomo Nappe were suggested to 
l::e calc-alkaline (Cllarlesworth 1981) , this research not only has 
demonstrated the alkaline character of the Ngoye am Bulls Run 
granitoids, rut also of a large proportion of the Halarnhl Fonnation in 
the Wangu area (Scogings 1986, 1989, Scogings & Forster 1989). 
Reclassification of the Ngoye and Bulls Run Fonnations, as the Ngoye am 
Bulls Run Con'plexes, has teen ratified by the South African Committee 
for stratigraphy (Scogings 1990b, 1991a). In addition, the Wangu 
Granite Gneiss has teen discriminated as a separate entity, distinctly 
different from the surrounding Halarnhl grancxliorite (Scogings 1991b). 
1.5 Alka.l.:iJE granitoids: their charact:eristics 
As alkaline "A-type" granitoid rocks are central to this thesis, an 
overview of their mineralogy, geochemistry, geological asscx::iations am 
tectonic setting is presented, to facilitate discussion of the rocks 
described from Ngoye, Bulls Run and wangu. 
1.5.1 Geodlemist:ry am mineralogy 
A-type granitoids are distinguished from 1-, S- and M-types by their low 
ahnninajalkali ratios, low cao and Sr contents, and meta luminous to 
peralkaline c:orrpositions. In addition, as indicated in Table 1.1 and 
Figure 1.3, high FejMg ratios, high alkalis and elevated Zr, Y, Nb, Ta, 
REE, Zn and Ga contents are characteristic (Loiselle & Wones 1979, 






















































AVERAGE GRANITE TYPES 
























































































































































2 4 6 10 12 
Go X 10000/ AI 
S-TYPE 
A-TYPES 
100 300 1000 
Zr+ Ce+Y(ppm) 
Figure 1.3. Examples of diagrams for 
discrimination between A-type granites and 
I·, S- and M-type granites, from ~halen et 
tl. (1987) 





Derived directly from melting of subducted oceanic crust. Low K20, low Si02, hornblende-bearing. 
Derived by partial melting of igneous protolith. Hetaluminous, wide Si02 range, biotite- and 
hornblende-bearing, normative diopside, high Na20/K20) ratios, moderate initial 87Sr/86Sr ratios 
(0.704-0.706). Highly fractionated I-types can have characteristics of A-types. 
Derived from partially-melted sedimentary protolith. Peraluminous, IWscovite+/-garnet bearing, 
normative corundum. Low Na20/K20 ratios, less than 3.5% Na20. High initial Sr ratios >0.708 
(Chappel & White 1974). Highly fractionated S·types can have A·type characteristics. 
Derived from mantle-sourced basalt, interaction of mantle basalt with continental crust, remelting of 
crust that has previously had a melt extracted during previous orogenic event. Syenitic to peralkaline 
granite, alkali·rich mafic minerals. Enriched in Nb, Zn, Zr, REE and Ga/Al and depleted in CaO, Sr and 
Eu compared with 1- and S·types. 
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It is noted that highly fractionated, felsic, S- am I-type granites 
(with Si02 > 64%) can have chemistries that overlap those of A-types, 
particularly with respect to major elements such as Na, K am ca. 
However, Fefl'g ratios am concentrations of trace elements, ego Nb, Zn, 
Ta am Y, are distinctive for A-types at high silica levels (Whalen et 
al. 1987, Eby 1990). 
Mineralogically, A-type suites are distinguished from I-am S- types by 
the presence of alkali amphiboles am pyroxenes, together with iron-rich 
minerals such as fayalite, ferrohastingsite am annitic biotite. 
Whereas I - am S-type granites are hydrous minimum-melt magmas, rrost 
A-type granites form from water-undersaturated high-temperature melts 
enriched in F, CI am CX)2. A natural result of their anhydrous nature 
is that A-types intrude higher crustal levels than I- am S-types am, 
as a result, volcanic equivalents of plutonic A-types are c:x::muoon (Whalen 
et al. 1987). Both the plutonic and volcanic expressions of A-type 
magmatism are characterised by bimodal salic-mafic associations, with 
little development of rocks of intermediate composition. 
Although initial 87Sr/86sr ratios for A-type granitoids are 
variable and generally low (1\,=0.703 to 0.712), values as high as 
0.739 have been recorded (Eby 1990). '!his broad spread of isotopic data 
is indicative of varying degrees of interaction between mantle-deri ved 
magmas am radiogenic crust (Eby 1990). 
1.5.2 Farm of intrusial ani geological associatial 
A-type granites and associated silica-undersaturated alkaline granitoids 
often form composite, multi-phase plugs, ring dykes and central 
complexes (~en 1974, Eby 1990). Although silica-undersaturated rocks 
were not included in the original definition of A-type granitoids 
(Loiselle & Wones 1979), the spatial and temporal relationship between 
undersaturated alkaline magmatism, viz. syenites, carbonatites and 
alkaline lamprophyres, and A-type granitoids is well dOCl.IlTel1ted (Collins 
et al. 1982, I.ameyre & ~en 1982, Eby 1984, 1985, 1990, Fitton 1987, 
upton & Emeleus 1987). 
-12-
1.5.3 Tect:arl.c sett..iJg 
Geological evidence indicates that A-type granites arrl related rocks are 
intruded predominantly into tensional (rifted, anorogenic or 
non-campressional) within-plate envirorunents in continental crust or 
oceanic basins (Middlernost 1974, Macrlonald 1975b, Petersen 1978, Petro 
et ale 1979, Pearce et ale 1984, Sawkins 1986, 'Ihornpson & Fowler 1986, 
Nielsen 1987, Upton & Emeleus 1987, Whalen et ale 1987, Eby 1990, Cooper 
1991). A-type magmatism also has been ascribed to crustal relaxation 
at the errl of compressive orogenic cycles (Whalen et al. 1987, Sylvester 
1989, Eby 1990, Rogers & Greenberg 1990) . 
1.5.4 Tect:arl.c discriminaticn diagrams 
Numerous attempts have been made, particularly during the last decade, 
to devise geochemical arrl mineralogi cal plots that can be used to 
discrilninate between granitoids emplaced in different tectonic settings 
(eg. Petro et ale 1979, Pearce et ale 1984, Batchelor & Bowden 1985, 
Whalen et al. 1987, Maniar & piccoli 1989, Eby 1990, Rogers & Greenberg 
1990). Salient features of various schemes are described below, with 
reference to selected discrilnination diagrams that will be used in 
succeeding chapters of this thesis. 
Pearce et al (1984) used trace-elernent data, from Phanerozoic granitoid 
suites of known tectonic setting, to distinguish statistically between 
collision (CDLG) , volcanic-arc (VAG) , ocean-ridge (ORG) , arrl 
within-plate (WPG) granitoids (Table 1.2, Fig. 1.4). In their original 
description of WPG granites, Pearce et al. (1984) discrilninated several 
tectonic settings according to the type of crust into which the granite 
was emplaced. 'Ihese were: 
(i) o:mt.:inental. crust of ro:mal. thidae:;s, such as that intruded 
by the younger granites of Nigeria, SUdan arrl the Oslo 
graben. Pearce et al. (1984) noted that Oslo-graben/ 
ORG-nonnalised patterns are similar to those exemplified by 
within-plate oceanic islarrl granites, ego Ascension Islarrl 
(Fig. 1. 4) . 'Ihese patterns are "mantle dominated" arrl marked 
by elevated arrl approxilnatel y equal aWndance of Rb, 'Ih arrl 
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TABLE 1.2 
COMPARISON OF GRANITES FROM DIFFERENT TECTONIC SETTINGS 
ORG:A ORG:B VAG:A VAG:B COlG:A COlG:B WPG:A WPG:B 
Si02 72.47 75.33 70.10 
74.50 74.56 71.73 71.61 76.02 
Ti02 0.33 0.23 0.53 
0.16 0.18 0.25 0.19 0.29 
Al 203 14.17 12.92 
12.00 12.52 13.34 14.55 11.68 12.60 
Fe203 3.16 3.65 4.85 1.00 1.63 2.17 4.48 1.95 
FeO nd nd nd nd nd nd nd nd 
MnO 0.08 0.05 0.13 0.01 0.05 0.03 0.14 0.02 
MgO 1.39 0.37 0.80 0.07 0.44 0.46 0.17 0.08 
CaO 1.48 2.66 3.06 0.29 1.58 0.69 0.13 0.06 
Na20 5.55 5.18 4.41 3.56 2.92 2.52 5.50 4.07 
K20 0.24 0.14 
0.28 5.51 4 .• 45 5.50 4.68 4.40 
P20S 0.06 0.04 0.11 
0.01 0.03 0.23 nd nd 
LOI 1.00 nd 2.55 0.94 0.81 1.36 0.08 0.76 
Total 99.93 100.57 98.82 98.57 99.99 99.49 98.66 100.25 
Nb 42 5 2 17 16 13 168 24 
Zr 285 93 99 184 99 80 1089 258 
Y 55 35 44 30 25 13 92 57 
Th 3 <1 20 35 20 24 9 
Rb <2 <2 <2 169 243 488 94 .97 
Sr 89 130 200 93 75 96 1 75 
Ba 149 137 56 331 389 nd 53 545 
La 44 nd 4 40 32 34 91 39 
Ce 82 15 11 86 56 70 274 96 
Nd 35 11 10 36 22 34 122 39 
ORG:A = Ocean-ridge granite, Mid Atlantic Ridge. COLG:A = Syn-collision granite, Tibet 
ORG:B = Ocean-ridge granite, Troodos COLG:B = Syn-collision granite, SIJ England 
VAG:A Volcanic-arc granite, Oman. IJPG:A = IJithin-plate granite, Ascension Islands 
VAG:B Volcanic-arc granite, Chile. IJPG:B IJithin-plate granite, Skaergaard, Greenland 
Granites from different tectonic settings, from Pearce et ll. (1984) . 
ORG: Granitic rocks from either oceanic crust or ophiol ite sequences predominantly calcic to calc-alkal ine, 
hornblende-bearing quartz diorite to tonalite, metaluminous or peraluminous. 
VAG: Oceanic to continental arcs, quartz diorite and tonalite through to quartz monzonite and granite. 
Tholeiitic to high-K calc-alkaline or shoshonitic. Hornblende- and biotite-bearing, enriched in K, Rb, 
Ba, Th and depleted in Nb, Zr, Y relative to ORG. Met aluminous to slightly peraluminous. 
COLG: Continent-continent and continent-arc collision, essentially biotite- and muscovite-bearing quartz 
monzonite to granite. Calc-alkaline to alkali -calcic and have 1- and S-type features. Apart from 
elevated Rb, geochemical patters are similar to VAG, depleted in Nb, Zr, Ce, Sm. 
IJPG: Intrude normal and attenuated continental crust, also oceanic crust. Essentially of syenite to 
alkali-feldspar granite composition, generally metaluminous to peralkaline, may be peraluminous. 
Characteristic Fe-rich mafic minerals annite, hastingsite, soda a~iboles. Enriched in Nb, Zr, Sm, Y, 
Yb relative to VAG and COLG; marked Ba depletion in IJPG's intruded into normal continental crust. Rb 
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Figure 1.4. Ocean-ridge granite (ORG) nornalized geochemical patterns 
for volcanic-arc granites (Fig. 1. 4a) I collision granites (Fig. 1. 4b) , 
within-plate granites intruded into crust of normal thickness (Fig. 
1.4c) and within-plate granites intruded into attenuated continental 
crust (Fig. 1. 4d). Comparison of average 1-, S-, M- and A-type granites 
from Whalen et al. (1987) I with the fields derived by Pearce et al. 
(1984) for VAG, mIG, ORG and WPG granites (Figs 1.4e & f). 
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Nb, a feature that also typifies most within-plate basalts. 
'!his type of granite magmatism is explained as being derived 
directly from incompatible-element enriched mantle, with 
little evidence of significant crustal involvement. 
In contrast, the Sabaloka (SUdan) pattern is markedly 
different, with Rb, Th, Ce and 8m enriched relative to Ta, Nb, 
Zr and Y respectively (Fig. 1.4). Pearce et al. (op cit.) 
attriblte this selective enrichrrent and the subsequent 
"spikes" on the WPG pattern to crustal involvement. 
Notwithstanding the spikes in the Sabaloka pattern, the 
crustal- and mantle-dominated patterns have COITIl'OC>n 
characteristics that set them apart from CDLG and VAG, viz. a 
large negative Ba anomaly and general decrease in al:::mrlances 
from Rb to Yb. 
(ii) Stragly attenlated CXIIt:irert:al crust, at the edge of a 
continent that has rifted apart. '!he Tertiary granites of 
scotland and Greenland (Skaergaard and Mull) are examples from 
this tectonomagmatic envirornnent. ORG-normalised patterns 
exhibit high ratios of Rb and Th relative to Nb, that Pearce 
et al. (1984) consider to be characteristic of 
"crust-dominated" WPG (Fig. 1.4). However a noteworthy 
difference is the much smaller negative Ba anomaly and a 
flatter more ''mRB-like'' trend from Ta to Yb. 
(iii) Oceanic crust, into which oceanic island granites, such as 
constitute Ascension and Reunion, are intruded (Fig. 1.4). As 
described above, the patterns for oceanic granites 
(comendites) are similar to those for granites intruded into 
normal crust (eg. Oslo rift). 
Whalen et al. (1987) assessed the Pearce et al. (1984) tectonic-
discrimination diagrams and deI\'K)nstrated that the average A-type granite 
plots as WPG, in contrast to the M-, 1- and s-types that fall within the 
VAG+<X)LG and VAG fields (Figs 1.4e & 1.4f). A-type granites were noted 
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to have occurred "world-wide throughout geological time am do not 
necessarily indicate an anorogenic or rifting envirornrent" (Whalen et 
al. 1987, p. 407). 
Maniar & piccoli (1989) have categorized granitoids by their tectonic 
envirornrent as follows: (1) islam-arc granitoids (lAG), (2) 
continental-arc granitoids (CAG) , (3) continental-collision granitoids 
(ca;), (4) post-orogenic granitoids (PCX;), (5) rift- related granitoids 
(RRG) , (6) continental epeirogenic-uplift granitoids (CE.U;) am (7) 
oceanic plagiogranites (oP). '!hese categories are further refined so 
that Group I (IAG+<'.AG+C(X;) can be distinguished geochemically from Group 
II (RRG+CE.'(X;) using plots such as Al203 vs Si02 am 
FeO(tot)jFeO(tot)+MgO v Si02 (Fig. 1.5). '!he distinction of Group III 
(PCX;) is less satisfactory, in that it does not have a unique field am 
consequently has characteristics of both Groups I am II. With respect 
to the chemistry of Group II granitoids, Maniar & piccoli (1989) noted a 
biIrOOal silica range, compared with uniIrOOal silica distri1::ution in 
Groups 1 & III. 
Eby (1990) SUllUlIarised the range of geological envirornrents in which 
A-type granite magmatism could occur, as (i) continental rifts (Oslo 
graben, White Mountains, Gardar Province), (ii) intra-continental ring 
complexes (Younger Granites of Nigeria, Corsica, SUdan) , (iii) 
attenuated crust (Mull, Skaergaard), (iv) oceanic islarrls, (Ascension, 
Reunion), (v) postorogenic (Saudi Arabia, lachlan Fold Belt) . 
Eby (op cit.) noted that YjNb ratios are relatively constant for each 
particular A-type suite although metasoma.tism, which is common in 
peralkaline complexes, may result in dispersed ratios. He suggested 
that A-type suites with YjNb<1.2 are derived from sources similar to 
ocean-islam basalts (OlB) , whereas suites with Y/Nb>4.8 are derived 
from sources similar to islam arc basalts (lAB). Intermediate YjNb 
ratios are taken to indicate crustal interaction with the A-type magma 
during emplacement (Fig. 1.5). From the examples presented in Figure 
1.5, it is apparent that A-type suites emplaced into rifted continental 
settings (eg. Oslo graben, White Mountains), oceanic islarrls (eg. 
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Figure 1.5. ExaIrples of major- and trace-elerrent diagrams for the 
tectonic discrimination of granitoids. Figs 1. Sa & b discrimination 
between Groups I, II and IlIon the basis of major-elerrent chemistry, 
from Maniar & Piccoli (1989). Note the restricted Si02 ra.nje of Group 
III carrpared with Group II. Figs loSc & d are from Eby (1990) and 
discriminate between granitoids with low YjNb emplaced into rifted 
continental crust (Oslo, White Mountains), as intracontinental ring 
complexes (Sabaloka), into oceanic crust (Ascension) and high YjNb 
granitoids of post-orogenic settings (Lachlan). 
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have Y /Nb<1. 2, although crustal involvement may increase this ratio to 
about 3.0. '!hose suites that fall at the high em of the Y/Nb spectrum 
are modelled as havinJ been generated from previously melted crust, ega 
the Lachlan Fold Belt postorogenic A-type granites. Similarly, the Mull 
granites intruded into attenuated crust have high Y /Nb ratios, 
interpreted to result from the mixinJ of a mantle plume with crustal 
materi~l. 
2.1 Int:rcductiCIl 
'!he Ngoye Complex is the easternmost of the three alkaline granitoids 
described here am is located between Eshowe am Thlpangeni (Fig. 2.1). 
'!he geology of the complex has been described previously in some detail 
(Scogings 1985, 1986, 1990b). '!herefore the aim of this chapter is to 
sununarise published infonnation am to review additional data collected 
during this study, particularly whole-rcx::k am REE geochemistry, 
microprobe mineral analyses of representative samples, am Rb-Sr 
isotopes. '!he present study involved field mapping am the collection of 
31 additional rcx::k samples for major- am trace-element analysis, so as 
to consolidate the fourrlation laid in the original study (Scogings 
1985) • Of the 59 samples available for this study, 19 representative 
specimens were analysed for 12 rare earth elements (REE) plus Y, am 
modal analyses were conducted on a routine basis (for sampling am 
analytical procedures, see appendix). Microprobe analyses were 
undertaken on selected samples at Rhodes Uni versi ty during 1988, in 
order to confirm optical mineral identification. 
A brief historical review of the results of earlier research in this 
area is presented: 
(i) William Anderson (1901) first noted the granitic composition of 
the Ngoye Hills. 
(ii) McCarthy (1961) described the typical Ngoye lithology as 
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biotite-granite gneiss, noting the cx::currence of garnetiferous 
aplite in the northeastern part of the body. Apparently 
gradational contacts with the surrounding amphibolites were used 
to suggest an "in-situ" metasomatic origin for the Ngoye granite 
by granitisation processes. 
(iii) Charlesworth (1981), fram the results of a structural 
investigation of the Eshowe - Empangeni area, noted that 
deformation of the Ngoye Formation (SACS 1980) had produced 
mylonitic gneisses around the margins of the body, am 
interpreted these as thrust zones. On the basis of limited 
petrographical am geochemical data, Charlesworth classified the 
Ngoye gneisses as calc-alkaline, I-type, quartz monzonites am 
granites. 
(iv) Barton (1983) offered a Rb/Sr mean-emplacerrent age of 1060 Ma, 
with an RQ of 0.7058 ± 0.002. The fairly low initial ratio 
supported an I-type origin. 
(v) Scogings (1985, 1986) conducted a detailed field-mapping am 
petrographical investigation, combined with preliminary 
geochemical analyses am defined twelve different granitoids 
within the Ngoye "Formation". On the basis of alumina-saturation 
criteria, the granites were classed into three groups ranging 
fram peraluminous, through metahnninous, to peralkaline 
CClIIp)Sitions. An overall alkaline character, in conjunction with 
elevated incompatible trace-elernent contents (Nb, Y, Zr, Zn) led 
to re-interpretation of the Ngoye "Formation" as a metamorphosed 
A-type granite central complex. Similarities were noted with the 
classic "younger-granite" ring complexes of Nigeria am Saudi 
Arabia. 
A detailed structural investigation of shear zones am mylonites 
in the Ngoye Complex led to the detection of a prominent 
left-lateral shear component. This discovery was based on both 
macro- am micro-structural textures, such as · S- am C-fabrics, 
asynunetric pressure shadows around mylonite clasts, rotated fold 
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axes which parallel the shear direction, arrl boudinaged magnetite 
grains (Scogirgs 1985). '!he elonJate shape of the Ngoye body was 
suggested to be the result of lateral shearirg arrl stretch.irY:J of 
an originally circular COll'plex. 
'!he discovery of alkaline granites in the 'l\lgela Group raised the 
possibility that the Ngoye lithologies were intruded into rifted 
continental crust, either in an intracratonic or back-arc settin;J 
on an attenuated continental margin (Scogin;Js 1985). '!his 
postulate provided an alternate model to the ophiolite-
ol:xiuction/thrustin;J events envisaged by Matthews (1972, 1981). 
(vi) Scogirgs (1990b) proposed that the Ngoye Granite Gneiss Fonnation 
be renamed the "Ngoye complex", in accordance with tenninology 
used to describe alkaline granite intrusions (Bowden et al. 
1987) . '!his proposal was accepted by the South African Conunittee 
for stratigraphy. 
2.2 Field am peb:UJLapllc descdptialS 
2.2.1 Int:roducticn 
'!he Ngoye granitoids are sul:xiivided into five major arrl six minor 
lithologies on the basis of modal mineralogy and relative areal 
distri.b..ltion (Figs 2.1, 2.2 & 2.4). Representative modal analyses are 
presented as Table 2.1 (a COll'plete modal data set is given in Appendix 
1, Table A1.1) , arrl classification accordin;J to the QAP system of 
streckeisen (1976a) is illustrated in Figure 2.4. 
with respect to the QAP classifications given previously (Scogin;Js 
1985), an important point concernirg the optical identification of 
alkali -feldspar has arisen subsequent to obtainirg microprobe data for 
the Ngoye granites. '!his is related to the fundamental premise of the 
streckeisen (1976a) proposals, whereby plagioclase with an Ab content of 
greater than 95% is combined with K-feldspar arrl which together form the 
alkali feldspar corrponent for classification purposes. '!he microprobe 
analyses show that, apart from oligoclase in the mesocrystic biotite 
granite, some of the biotite-hornblende granites and in the 
MESOCRYSTIC BIOTITE GRANITE GARNET - MUSCOVIT E GRANITE 
BIOTITE - HORNBLENDE GRANITE RIEBECKITE - BIOTITE GRANITE 
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Figure 2.4. Classification of the Ngoye granitoids usirq the mcrlal 
QAP diagram of streckeisen (1976a) : (a) biotite granite and 
biotite-hornblerrle granite, (b) syenite, peralkaline granites, 
magnetite-quartz rocks, (c) hornblerrle monzodiorite and 
lTIUSCOvite-bearirq granites. '!he fields are numbered as follows: 1 = 
quartzolite/quartz-rich granitoids, 2 = alkali-feldspar granite, 3a & 3b 
= granite, 4 = granodiorite, 5 = tonalite, 6* = quartz alkali-feldspar 
syenite, 7* = quartz syenite, 8* = quartz monzonite, 9* = quartz 
monzodiorite, 10* = quartz diorite, 6 - alkali-feldspar syenite, 7 = 
syenite, 8 = monzonite, 9 = monzodiorite, 10 = diorite. 
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and muscovite-bearing granites classify as alkali-feldspar granites. '!he 
mesocrystic biotite granite and biotite-hornblende granite, which 
contain same oligoclase in addition to albite, are of granitic 
composition. 'Ihree of the minor lithologies have widely-divergent IOOdal 
characteristics, from the hornblende monzodiorite, through the two 
syenites that classify as alkali -feldspar syenite, to the 
magneti~z veins that plot within the quartzolite field (Fig. 
2.4) . 
A further o1::servation concerning feldspars is that the Ngoye granites 
are essentially two-feldspar granites (albite + microcline, Table 2.2) 
and therefore classify as sul:sol vus types. However, snall amounts of 
microcline perthite are generally present and suggest that the Ngoye 
granites originally crystallised as hypersolvus granites, with 
sutsequent unmixing into two pure alkali -feldspar end-members as a 
result of metamorphic recrystallisation. Comparable mineralogical 
changes have been recorded in metamorphosed peralkaline granites 
elsewhere (Seyler 1986, Winchester & Max 1987). 
Due to possible modification during brecciation and resilicification 
(Scogings 1985) the monzonite lithology, which occurs as a snall plug on 
the northwest flank of the Ngoye Complex, has been removed from the 
current classification. 
Detailed field and petrographic descriptions of the various granites 
have been given previously (Scogings 1985 1986 1990b) and only salient 
features are sununarised below (see Fig. 2.3 for polished slabs of 
typical Ngoye granites). Representative microprobe mineral analyses are 
given as Tables 2.2 and 2.3. 
2.2.2 Ie;ocrystic biotite granite 
'!his rock-type, described previously as the typical Ngoye granite 
(McCarthy 1961, Cllarlesworth 1981), constitutes some 20% of the outcrop 
and fonns the core of the complex (Fig. 2.1). In outcrop, this 
lithology is light grey, with pink microcline mesocrysts (25 to 35 
modal%, Or90) set in a matrix of quartz (23 to 33 modal%), oligoclase 
(26 to 34 modal%, An12) and biotite (4 to 7 modal%). Accessory 

















































































Si 11.581 11.945 11.837 12.096 11.988 12.067 11.483 11.964 11.267 
Al 




































































































































Si 12.141 12.001 12.059 12.053 12.098 12.051 12.049 11.759 11.938 
At 








3.917 3.917 3.871 3.938 
0.043 0.031 0.006 
0.002 
0.161 0.111 0.307 0.138 















89.3 96.2 95.9 97.2 99.2 96.5 95.7 90.5 
10.6 3.7 4.0 2.8 7.8 3.5 4.2 7.1 
<.1 
N20, N210 
N447a to N34 a = 




<.1 <.1 2.4 
A albite (Oeer et El. 1966) 
B = ol igoclase (Deer et El~ 1966) 
C orthoclase (Deer et El. 1966) 
































































































































hastingsite: biotite-hornblende granite 
hastingsite: biotite-hornblende granite 
hastingsite: hornblende monzodiorite 
N145r = riebeckite: riebeckite granite 

































































































































A hastingsite (Deer et !l. 1966) 
B = riebeckite (Deer et al. 1966) 
C = aegirine (Deer et !l. 1966) 
D andradite (Deer et !l. 1966) 
2.2.3 Biotite-hm:nbleme granite 
'!his lithology comprises some 
central ani westen1 parts of 
45% of the complex ani crops out in the 
the nassif. SUbsequent to the original 
napping by ~ings (1985), a narrow outcrop of this rock type was 
discovered to the east of the Mhlatuze River (Fig. 2.1). '!he 
biotite-hornblende granite is light pink, medium-grained ani cornprises 
quartz (23 to 35 modal%) , microcline (30 to 40 modal%, Or96) , 
albite/oligoclase (20 to 30 modal%, Ab93- 98 ), hastingsitic 
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hornblerrle (3 to 8 modal%, see Table 2.3 for microprol::e analysis) am 
biotite «4 modal %) . Sphene am opaque minerals are accessory 
~. 
2.2.4 Biotite granite 
'!his leucocratic granite constitutes some 20% of the COll'plex am crops 
out along the northet:n flanks of the complex, as well as rinuning the 
south-western margin of the mesocrystic biotite granite body at 
Ninians. From the occurrence of biotite-hornblerrle granite xenoliths 
within the biotite granite, a relatively younger age for the latter 
lithology is indicated (Scogings 1985). In harrl specimen, this fine- to 
medium-grained rock is light-pink to off-white and as indicated in Table 
2.1, consists of microcline (25 to 35 modal%), albite (25 to 35 modal%) , 
quartz (30 to 40 modal%) and bi otite «5 modal%) , with accessory 
muscovite, fluorite and opaques. 
2.2.5 Garnet""illlSCCVite granite 
Originally, outcrops of fine~ained garnet-muscovite granite were 
mapped as constituting about 5% of the Ngoye Complex (Scogings 1985). 
However, recent field mapping indicates that this peraluminous lithology 
is restricted to a far smaller area and fonns a sheet soma 2 kIn long am 
50 to 100m in width which intrudes the biotite granite along the 
northeastern flank of the massif (Fig. 2.1). As indicated by the 
representative modal analysis (Table 2.1), the mineral assemblage 
typically comprises microcline (25 to 30 modal%, Or97), albite (30 to 
35 modal%, Ab99) , quartz (30 to 40 modal%) and muscovite (2 to 4 
modal%). Biotite and pink almandine garnet occur as accessories, with 
garnet locally reaching concentrations of 1%. In the field, the 
garnet-muscovite granite has an aplitic appearance although local 
pegrnatitic patches and "nests" of garnet-muscovite rock are encountered 
occasionally. It is considered that these mica-rich phases may 
represent greisen-like alteration zones related to late-stage fluid 
activity (Section 2. 3) . 
2.2.6 Riebedti.te-biotite granite 
Exposures of this granite are restricted to an elongate sheet rinuning 
the southet:n and southwestet:n margin of the Ngoye Complex (Fig. 2.1). 
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Mcrlal analysis of this medimn-grained leuccx::ratic lithology irrlicates 
that it comprises quartz (30 to 40 modal%), albite (25 to 35 modal%) , 
microcline (30 to 35 modal%) , with characteristic clots am aggregates 
of riebeckite, aegirine, biotite and fluorite (5 to 10 
rrodal%) • 
2.2.7 Magnetite granite 
'!his lithology foms an apophysis that exterrls into the surrOl.ll'rli.rg 
country rocks, on the southern margin of the complex (Figs 2.1, 2.2). 
It is fine-grained, light pink and consists of quartz (35 to 40 rrodal%) , 
microcline (45 to 55 modal%) and albite (10 to 20 rrodal%). Magnetite 
«5 rrodal%) is the characteristic mafic phase, accorrpanied by accessory 
biotite, zircon and fluorite. Although essentially equigranular, 
occasional larger microcline grains up to 4nun in diameter are 
encountered in thin section and probably represent relict 
microphenocrysts • 
2.2.8 Riebedd.te granite 
Minor sheets of riebeckite granite, up to 5m in width and several 
hundred metres in length, are intrusive into the magnetite granite. 
Typically, riebeckite granite comprises quartz (30 to 40 rrodal%) , 
microcline (c.30 modal%, Or93- 97), albite (c.30 modal%, Abg9) and 
riebeckite (c.5 rrodal%, Table 2.3 for microprobe data). Accessory 
minerals are opaques and zircon, with zircon prevalent in pegmatitic 
patches near sample site N145. Samples of this lithology, as well as 
the riebeckite-biotite granite, have been used to assess the effects of 
mylonitisation on geochemistry (Section 2.3.2) . 
2.2.9 Aegirine granite 
Only one outcrop of aegirine granite has been located (Fig. 2.2) and in 
thin section this rock type is very similar to the magnetite granite, 
except that aegirine occurs to the virtual exclusion of magnetite (Table 
2.3 for microprobe analyses of microcline, albite and aegirine) . 
2.2.10 QUaritic syenite 
'!Wo narrow bands of syenite were intersected in a borehole drilled into 
magnetite granite, on the southern margin of the cornplex (ScoginJs 1985, 
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Fig. 2.2 for location of borehole NG2). As this lithology has never 
been ol::served in outcrop, despite an intensive search, it appears to 
have limited lateral extent am extremely variable thic1mess. '!he IrOdaI 
assemblage, which is dominated by microcline {60 to 73 IrOdaI%) , albite 
(c.20 IrOdal%) am chlorite (4 to 12 IrOdaI%) , contains traces of quartz 
am pyrite. '!he development of chlorite, which apparently replaces 
quartz, suggests that the syenite is an alteration product of magnetite 
granite. SUch a rock-type, more properly described as an "episyenite", 
is probably analagous . to de-silicified granite associated with 
copper/tin mineralization in the upper part of the Nebo Granite of the 
Bushveld Complex (L.J. Robb pers. conun., 1991). 
2.1.11 Magnet.ite-quartz rode 
'!his is a coarse-grained rock of highly variable composition which fonns 
veins am diffuse patches within both the magnetite granite am the 
anphibolitic country rocks (Fig. 2.2). Modally it consists of quartz 
{50 to 80 IrOdaI%) , magnetite (5 to 20 IrOdaI%), alkali feldspar (<45 
IrOdaI%) am zircon {<8 IrOdaI%) , with fergusonite, biotite, sphene, 
fluorite, calcite am apatite as accessories. Gradational contacts 
with some of the surrounding magnetite granites indicate their 
derivation fram residual Fe-rich fluids that crystallised late in the 
cooling history of the magnetite granite (Scogings 1985). It is noted 
that analagous veins are associated with peralkaline granites in Saudi 
Arabia am the USA (Harris & Marriner 1980, Al-Shaieb 1988). 
2.1.12 Iilmbleme DD1ZCXliorite 
'!his lithology fonns a small plug-like body several hundred metres in 
diameter, within the biotite-hornblende granite (Fig. 2.1). It is a 
distinctive white to off-white, medium- to coarse-grained rock 
conprising oligoclase (60 to 70 modal%, M 16), microcline {10 to 20 
IrOdaI%, Or96) , hastingsitic hornblende (4 to 8 modal%, microprobe data 
in Table 2.3), calcite {c.5 modal%) , diopside (c. 2 IrOdal%) am 
arrlraditic garnet (c. 2 modal %, microprobe data in Table 2.3). 
Accessory phases are quartz, epidote, allanite, sphene am apatite. As 
described previously (Scogings 1985) , petrOjraphic relationships 
indicate alteration of a primary oligoclase-diopside assemblage by late-
stage CO2-rich volatiles. Reaction between CO2 am oligoclase 
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produced calcite, arrlradite and epidote, with concomitant alteration of 
diopside to hastin]site. Textural relationships show microcline 
replacin] plagioclase, suggest in] potash metasomatism. 
2.3 Geodlemist:ry 
2.3.1 IntrcxJuctien 
Representative whole-rock najor- and trace-element geochemical data for 
the Ngoye granites are presented as Table 2.4, with a c::::arrplete set of 
ana.lyses in Appendix 2 (Table A2 .1) . Representative CIPW norms and 
mesonorms are presentated as Table 2.6, with a c::::arrplete data set in 
Appendix 3 (Table A3 .1). Comparative granitoid ana.lyses from literature 
sources are presented for reference as Table 2.7. 
'!he 31 additional whole-rock sarrples collected sub:;equent to the 
original study (Scogin]s 1985) confinn the characteristics previously 
noted, viz. that c:::orrpared with the average granite (I.e Maitre 1976) the 
Ngoye granites generally are depleted in Al20 3, M;3O and cao (Table 
2.7, ana.lysis H). A broad similarity i s noted with granites from A-type 
central complexes (Table 2.7, ana.lyses A, B, D & E) in that the Ngoye 
granites have high Nb, Zr and Y, and low Sr and Ba contents. '!he Ngoye 
nagnetite-quartz veins are seen to comprise essentially silica and iron, 
with attendant enrichment in Zr, Zn, Nb, REE, '!h and u. '!his is similar 
to the values recorded from ana.lagous rocks of the Midian peralkaline 
c::::arrplex of Saudi Arabia (Harris & Marriner 1980). One lithology in the 
Ngoye Complex that does not follow the above trends of altnnina depletion 
and incc:Jnpatible-element enrichment is the garnet-muscovite granite, 
which is more akin to felsic s-type granite than A-types (cf. ana.lysis 
C, Table 2. 7) . 
2.3.2 Effects of defarmatien en geocbemist:r:y 
Every effort was nade to collect the least-deformed sarrples for 
geochemical ana.lysis. However, because of limited outcrop in certain 
areas, this approach was not always possible and therefore a test was 
run to c:::orrpare mylonitised granites with granites displayin'::J minimal 
fabric development (Table 2.5, Fig. 2.5). From this test it transpires 
that, with the exception of a slight loss of Na20, Nb, Zr and Zn 
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TABLE 2.5 
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well-foliated riebeckite-biotite granite 
poorly-foliated riebeckite granite 
well-foliated riebeckite granite 
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Fig. 2.5. Comparison of major-element geo-
chemistry between well- and poorly-foliated 
Ngoye peralkaline granites 
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TABLE 2.7 
REPRESENTATIVE GRANITOIDS FROM THE LITERATURE 
A B C D E G H 
Si02 72.60 74.25 73.72 75.60 75.37 74.01 71.30 
Ti02 0.29 0.24 0.05 0.08 0.28 0.91 0.31 
Al 203 14.07 13.30 14.79 9.60 10.71 7.51 14.32 
Fe203 0.90 0.57 0.17 2.60 4.08 5.17 nd 
FeO 1.73 0.95 0.52 1.60 0.71 0.71 2.73 
MnO 0.07 0.02 0.05 0.06 0.04 0.10 0.05 
MgO 0.43 0.20 0.07 0.16 0.15 0.71 
CaO 1.01 0.67 0.40 0.56 0.27 3.53 1.84 
Na20 3.36 3.72 4.00 4.80 3.20 1.19 3.68 
~o 5.74 5.28 4.11 4.42 4.88 1.99 4.07 
P20S 0.07 0.02 0.42 0.04 0.02 0.50 0.12 
LOI 0.47 0.64 1.30 0.56 0.29 0.44 0.77 
Total 100.74 99.86 99.60 99.92 100.01 96.21 99.90 
Zn 61 20 53 158 146 nd nd 
Ga nd 20 26 48 29 nd nd 
Nb 57 18 47 54 255 5390 nd 
Zr 246 251 27 710 1831 24089 nd 
Y 63 47 12 42 238 2873 nd 
U nd 6 21 2 9 363 nd 
Th 27 32 3 8 28 590 nd 
Pb 22 14 18 12 45 nd nd 
Rb 185 174 945 155 162 124 nd 
Sr 100 38 15 4 78 891 nd 
Ba 362 340 2 38 156 nd nd 
Sn 8 nd nd nd 16 nd nd 
La 59 nd nd nd 331 1505 nd 
Ce 144 91 10 121 608 3157 nd 
Nd nd nd nd nd 179 1943 nd 
Sm nd nd nd nd nd 480 nd 
Eu nd nd nd nd nd 38 nd 
Gd nd nd nd nd nd 435 nd 
Yb nd nd nd nd nd 235 nd 
Lu nd nd nd nd nd 33 nd 
P. I. 0.83 0.89 0.75 1.32 0.99 0.55 0.73 
Na20+K2O 9.10 9.00 8.11 9.22 8.08 3.18 7.75 
Na2O/K2O 0.59 0.70 0.97 1.09 0.66 0.60 0.90 
Rb/Sr 1.85 4.58 63.00 38.75 2.08 0.14 nd 
A biotite granite: Amo Complex, Nigeria (Bowden et ~. 1987) 
B = biotite-hornblende granite: Topsails Complex, Canada (Whalen et ~. 1987) 
C muscovite granite: Sandy Cape, Tasmania (Whalen !!~. 1987) 
D aegirine granite: Shira Complex, Nigeria (Whalen et ~. 1987) 
E magnetite granite: Doolough, Ireland (Winchester & Max 1986) 
F magnetite·quartz vein: Midian complex, Saudi Arabia (Harris & Marriner 1980) 
G = average granite (Le Maitre 1976) 
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during the mylonitisation process, no significant cl'larvJe has oc:curred in 
major- am trace- elenent chemistry a l though, with the limited database 
available, it is not possible to draw any statistically-valid numeric 
cx>rlclusions. As cl'larvJes in chemistry are apparent only in the 
IOOSt-defonned am recrystallised mylonite (scmple N142) it is concluded 
that, urrler corrlitions of mcxlerate deformation, the various rock types 
at Ngoye behaved essentially as closed, isochemical, systems. 
2.3.3 Munina sabJratiCIl 
In tenns of Bonin's (1986) classification (Fig. 2.6a), the Ngoye 
granitoids vary from peraluminous (muscovite granite am chloritic 
syenite) through metaluminous (biotite am hornbleme granites, 
hornbleme nonzodiorite) to peralkaline (magnetite am riebeckite 
granites). '!his classification agrees with the CIPW-normative 
mineralogy (Table 2.6), in which peraluminous granites are corundum 
normative am peralkaline varieties contain acmite. However, two of 
the riebeckite-bearing granites are anorthite am/or corundum normative 
(Apperrlix 3, Table A3 .1) , suggesting some Na-loss as a result of 
metaIrorphic or magmatic alteration. 
Na loss, as a result of metaIrorphic alteration, has been recorded from 
peralkaline granitoids defonned during the Grenville Orogeny (Floor 
1974, Hill & '!homas 1983, Bourne 1986, Seyler 1986, Winchester & Max 
1987). '!his process results in the breakdown of sadic Fe-rich 
aITIliriJ::x:>les am pyroxenes to form magnetite, accompanied by a decrease in 
the peralkalinity irrlex (Na+K/Al). '!hus, previously-peralkaline rocks 
display a peraluminous major-element chemistry. Alkali -loss also has 
been recorded from peralkaline volcanic suites, where it is ascribed to 
post-extrusion groundwater leaching or halide-rich vapour loss 
(MacDonald 1975a). Trace elements, notably Nb, Y, Zr am REE, are 
considered to be relatively imnobile urrler metaIrorphic corrlitions am 
therefore, may provide a better method of irrlicating peralkaline or 
A-type dlemistry, than major-element al:Rmdances (Bourne 1986, Seyler 
1986, winchester & Max 1987). A significant feature of "alkali-
depleted, " originally peralkaline granites is that Zr, whidl urrler 
normal peralkaline corrlitions is contained within riebeckite am 
CoO 
, , , , , , 
a 
, , , , , , , 
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saturation am alkalinity. of the Ngoye 
Fig. 2. Ga. Alumina saturation relative to Na20+K20 am cao 
(ltK>1. props), diagram after Bonin (1986). '!he muscovite granite 
am chlorite syenite are peraluminous, the biotite am 
biotite-hornblenie granites are ~taluminous to peraluminous am 
the riebeckite- am/or magnetite-bearing granites are 
peralkaline . 
Fig. 2.Gb. Alkalinity vs silica diagram after Wright (1969), 
showing the predominantly alkaline to slightly peralkaline 
character of the Ngoye granitoids. 
Fig. 2.6c. Classification of the Ngoye granitoids as alkaline, 
according to ~ters suggested by Sylvester (1989). 
Symbols: (.) mesocrystic biotite granite, (0) biotite-hornblenie 
granite, ( 0) biotite granite & garnet-muscovite granite, (+) 





aegirine lattices, is released to form discrete zircon grains (Floor 
1974). 
2.3.4 Alkalinity 
Sorensen (1974) classified rocks with nonnative and lOCldal sadic mafic 
minerals and/ or feldspathoids, as alkaline and on these grC>\.ll'rls, the 
peralkaline Ngoye granites are alkaline. By this definition, the 
peraluminous and meta luminous granites are not strictly alkaline. 
However, as defined by Peacock (1931) alkaline igneous rock suites are 
depleted in ca relative to Na + K. '!he Peacock concept has l:een 
m::xtified (Wright 1969, Sylvester 1989), in which alkaline rocks are 
shown to be depleted in (Al203 + caO) relative to (Na20 + K20) . 
According to these parameters the Ngoye granites range from alkaline to 
slightly peralkaline (Figs. 2.6b, 2.6c). 
2.3.5 DegJ:ee of peraIkalinity 
As illustrated (Fig. 2.7) and describ=d by Scogings (1985, 1986), the 
Ngoye riebeckite-, aegirine- and magnetite-bearing granites are mildly 
peralkaline (P. I. <1. 2) and using nonnative parameters, classify as 
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Figure, 2.7. Classification of peralkaline Ngoye granites using 
l1<?n:at l. ve quartz versus , total nonnative femics. Diagram devised for 
sl.ll.ca-saturated peralkalme extrusive rocks by MacDonald & Bailey 
(1973). symbols as in Fig. 2. 6 
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Figure 2.8. Discrimination of the various Ngoye lithologies according 
to their Na20/K20 ratios. Symbols as in Fig. 2.6. 
2.3.6 ~O/K.;<.o ratitE 
As shChlIl in Figure 2.8, the peralkaline granites have higher 
Na20/K20 ratios than the meta luminous and peraluminous lithologies. 
'!he It'agnetite-quartz veins are highly depleted in total alkalis and have 
similar Na20/K20 ratios to the peralkaline samples. 
2.3.7 Nc:ur:n::latm:e taserl en geodBnical paraDEters 
'!he alkaline character of the Ngoye samples is clearly demonstrated by 
classifying the Ngoye granites according to their It'ajor elenent 
characteristics (Figs 2. 9a, 2. 9b) . 
(i) 'lhe Rl-R2 d.i.agram: 'lhis diagram expresses all the It'ajor-
elenent oxides as cations, in terns of mineralogical parameters 
(de la Roche et al. 1980). As indicated in Figure 2.9a an 
increase in the R1 component largely reflects increasing silica 
relative to alkalis, whereas variations in R2 values indicate 
mafic mineral and anorthite contents. Using this classification 
the biotite, hornblende and muscovite granites plot in the 
granite field and the peralkaline riebeckite and It'agnetite 
granites classify as alkali granite. syenitic and syenodioritic 
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Figure 2.9. Classification of the Ngoye granitoids according to 
major-elerrent characteristics. 
Fig. 2.9a. Classification using the Rl-R2 multicationic system 
devised by de la Roclle et al. (1980). 
Fig. 2.9b. Normative classification of the Ngoye granitoids, 
based on the Q' versus An' diagram of streckeisen & Ie Maitre 
(1979) . Numbered fields corresporrl to those of the modal OAF 
diagram (Fig. 2.4). 
Sym1:x>ls: (.) rresc:crystic biotite granite, (0) biotite-hornblerrle 
granite, (0) biotite granite & garnet-muscovite granite, (+) peralkaline 
granites, (*) chlorite syenite, (x) hornblerrle monzcxliorite. 
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(ii) NcIIIencl.abIre derived usirg IXlDIBtive ccnst.ituents: '!he 
orthogonal plot given as Figure 2. 9b was devised by streckeisen & 
I.e Maitre (1979) am follows an earlier attenpt (streckeisen 
1976b) to classify igneous rocks accordirx} to nonnative 
constituents. Accordingly, the mesocrystic biotite granites are 
classified predominantly as granite (sensu stricto) whereas the 
hornblen:ie-, riebeckite-, aegirine-, magnetite- am 
muscovite-bearing granites plot within the alkali-feldspar 
granite field in Figure 2.9b. '!he two syenites classify as 
alkali-feldspar quartz syenite am the single monzodiorite 
analysis falls within the monzonite field. '!his classification 
is largely in agreement with that derived using the QAP modal 
diagram (Fig. 2.4), with the exception of the biotite-hornblen:ie 
granite that plots as alkali -feldspar granite in Figure 2. 9b. 
2.3.8 A-type cl.assificatiat (Ga/Al) 
Whalen et al. (1987) successfully discriminated A-type granites from I-, 
s- am M-types using the elevated Ga/Al ratios typical of the former. 
When the Ngoye samples are plotted accordirx} to these parameters, a 
clear A-type character results from their enhanced incompatible-element 
contents (Fig. 2.10) . However, some overlap between the Ngoye 
muscovite-bearing granites am the field of felsic S-type granites is 
noted, particularly with regard to depleted Zr, Ce am Y contents. '!he 
ilrplication of this overlap is that the muscovite-bearing granites at 
Ngoye are contaminated am have some of the characteristics of an 
"S-type" partial melt. 
2.3.9 Barker diagrams 
Plotting of selected major- am trace-element data for the Ngoye 
granites on Harker diagrams (Harker 1909) shows the following tren:is 
(Figs 2.11 & 2.12): 
(i) Si02 values 
biotite am 
perahnninous 
rcmJe between 72 am 79%, with the metahnninous 
hornblende granites essentially below 76% am the 
muscovite- am peralkaline riebeckite-bearing 
granites restricted to values greater than 76%. 
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Figure 2.10. Plot of trace elem:mt arrl peralkalinity irrlices versus 
10 000 x Ga/Al for the Ngoye granites. 'll1e rectangular field, with 
Ga/Al of less than 2.6, is the field of M-, I- arrl s- type granites. 
Average granite compositions are given as boxed letters. 'll1e field of 
A-type granites is delineated by the broad curved line arrl, for 
conparison, the fields of two fractionated felsic I- arrl S-type granites 
are shown as dashed outlines. Data for the various fields arrl granite 
types from Whalen et al. (1987). 8yrnbols as in Figure 2.9. 
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(ii) Al203 , Ti02' FeO(tot) , MgO and cao vary inversely with 
respect to Si02 • 
(iii) For given 
homblerrle 
Si02 contents the 






(iv) '!he peralkaline granites are characterised by high F~03 
relative to FeO, reflecting the Fe203-rich characteristics of 
sodic minerals such as hastingsitic homblerrle, aegirine and 
riebeckite. 
(v) Na20 and K20 do not covary with Si02 to any significant 
degree, although a mild trerrl towards increased Na20 and 
decreased K20 with high Si02 is suggested. Total alkalis 
remain relatively constant, between 8 am 9%, with exceptions 
providerl by the syenites (c. 12%) and the magnetite quartz veins 
« 5%) (Table 2.4) . 
(vi) When plotted against Si02, Zr and Zn are diagnostic for each of 
the four major modal rock. groupings, with the homblerrle-, 
riebeckite- and magnetite-bearing granites enricherl in Zn and Zr 
relative to the biotite and muscovite granites. 
(vii) '!he biotite and muscovite granites, although depleted in Zr and 
Zn, are enricherl in '!h (Fig. 2.11) as well as Pb, U and Sn 
(Table A2 .1) , relative to the homblerrle- , riebeckite- am 
magnetite-bearing granites. 
(viii) Sr behaves in similar fashion to cao, with the most siliceous of 
the perah.nninous and peralkaline granites being highly depleted 
in Sr. 
(ix) Whereas Rb values for 
riebeckite/magnetite-bearing 
the biotite, homblerrle am 
granites increase slightly with 
increasing Si02, the muscovite-bearing granites show a disinct 
divergence from this trerrl, with extreme enrichment in Rb (up to 
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Figure 2.11. Ngoye major-element data plotted 
diagrams. Major-element oxides in %. Syrnl:::XJls: (e) 
granite, ( 0) biotite-hornblerrle granite, ( 0 ) 
garnet-muscovite granite, (+) peralkaline granites. 
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Figure 2.12. Selected Ngoye trace-elenent data (ppm) plotted on 
Harker variation diagrams. syrn1::xJls as in Figure 2. 11. 
2.3.1.1 K20fRb relatialsh:ips 
Rb-enridrment of the garnet-muscovite granite is reflected in the 
K20jRb plot (Fig. 2.13a). Whereas the peralkaline granites parallel 
the main trero. of Shaw (1969), the biotite ani muscovite-bearin;J 
lithologies define a classic cross-cuttin;J pegmatitic-hydrothennaltrero. 
of decreasin;J K20jRb. '!his suggests that the mica granites, 
particularly those rich in garnet ani muscovite, have been altered by 




interpretation is corroborated by the development , within the 
garnet-muscovite granite, of muscovite-rich pods contai.ninq up to 
570ppm Sn am 4460ppn Rb. 
10 
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Figure 2.13. Plot of K20 against Rb for the Ngoye granitoids, 
incll.ldi.nq sanple N35 (muscovite-rich pod in garnet-muscovite granite) . 
'!he nain (Ml') am pegmatitic-hydrothennal (PHI') trerrls of Shaw (1969) 
are shown for comparison. symbols as in Figure 2.11. 
Zr/fO 
Rb 
Figure 2.14. Discrimination of the Ngoye granitoids in Zr-Rb-Sr 
space. 'IWo divergent paths are irrlicated, with peralmninous rocks 
tending tCMcrrds increased Rb/Zr, whereas metaluminous/peralkaline 
differentiation results in a marked increase in Zr/Rb. symbols as in 
Fig. 2.11. 
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2.3.12 Zr-Rb-Sr discriminaticn 
Taking into consideration the trend of decreasing Sr with increasing 
differentiation in the Ngoye Complex am the terrlency for peraluminous 
granites to be depleted in Zr relative to Rb, a plot that cctnbines these 
three variables has been constructed (Fig. 2 . 14). '!his shows that: 
(i) '!he mesocrystic biotite, biotite am garnet-muscovite granites 
are depleted in Zr relative to the other granites in the canplex, 
am that Zr decreases with increasing Rb from the mesocrystic 
biotite granite to the garnet-bearing types. 
(ii) '!he opposite relationship to (i) holds for the biotite-
hornblende am peralkaline granites, with Zr either remaining 
constant or increasing in sympathy with Rb. '!he rragnetite-quartz 
veins are extremely enriched in Zr am would thus, according to 
the petrological characteristics of peralkaline rragrnas (Watson 
1971), represent residual fluids derived by fractional 
crystallisation of the Ngoye peralkaline granites. 
(iii) '!he chloritic syenites are similar to the peralkaline granites 
with respect to Zr-Sr-Rb ratios. 
2.3.13 Ntry ratios 
Constant ratios between incorrpatible elements such as Y am Nb are 
evidence for the cornagmatic origin of different phases within an igneous 
intrusion (Nicholls 1988). However, as noted by Eby (1990) this ratio 
can vary as a result of metasomatic effects. SUch dispersion has been 
reported from peralkaline complexes in saudi Arabia am the SUdan 
(Harris & Marriner 1980, Harris et ale 1983). When the Ngoye data are 
plotted in Nb/Y space (Fig. 2.19a), it is seen that the Nb/Y ratio is 
fairly well constrained between 0.35 am 1.25, supportive of a 
cornagmatic origin for the different granites. However the peraluminous 
muscovite-bearing granites am two of the riebeckite granite sanples are 
depleted in Y am fall outside this field, possibly as a result of 
metasomatic alteration or contamination by crustal rraterial. 
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2.3.14 Rare earth elements 
Olorrlrite-normalised rare earth element (REE) data for 20 whole rcx::k arrl 
2 mineral separates fran the Ngoye Complex (Figs 2.15 & 2.16) show that: 
(i) '!he mesocrystic biotite granite arrl biotite-hornblerrle granite 
samples (Fig. 2.15a) have moderately IREE-enriched patterns 
(~/~: 10.08 to 13.65) with negative Ell anomalies, 
(Ell/Ell*: 0.33 to 0.64) indicative of same plagioclase 
fractionation. '!he higher total ab.lrrlances of REE in the 
hornblerrle-bearing granites is cormnensurate with selective 
concentration of REE by modal hornblerrle arrl allanite. 
(ii) As illustrated in Figure 2.15b, the two samples of biotite 
granite have fairly flat REE patterns (IaN/~: 2.71 to 3.76) 
arrl marked negative Ell anomalies (Ell/Ell*: 0.02 to 0.07) 
consistent with their fractionated major-element chemistry. 
(iii) '!he garnet-muscovite granite (Fig. 2. 15b) has the lowest 
total-REE contents of all Ngoye lithologies, the "birdwing", 
HREE-enriched (IaN/~ = 0.23) profile of N34 indicating 
concentration of HREE within garnet (Hanson 1978). 'Ibis pattern 
may also relate to transport of HREE by post- or late-magmatic 
hydrothermal fluids (Baker 1985, Bowden et al. 1987, Co:rnell et 
al. 1989, Schade & Cornell 1989). 
(iv) Peralkaline riebeckite and magnetite granites (Fig. 2.15c) 
contain similar total REE' s to the metaluminous 
biotite-hornblende granites, 
chorrlrite-normalised patterns 
larger negative Ell anomalies 
with slightly flatter 
5.91 to 9.79) 
0.08 to 0.23). 
arrl 
'!he 
magnitude of the Ell anomalies is consistent with extensive 
plagioclase fractionation, similar to that documented for 
riebeckite granites from Nigeria (Bowden & Whitley 1974). 
(v) Massive enrichment of total REE (up to 1.12%, or 4000 x 
chorrlrite), significant Ell depletion (Ell/Ell*: 0.12 to 0.18), 
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Figure 2.15. Chondrite-nonnalized REE patterns for the Ngoye 
granitoids. Fig. 2.1Sa biotite- arrl biotite-hornblende granites, Fig. 
2.15b biotite arrl garnet-muscovite granites, Fig. 2.15e peralkaline 
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Figure 2.16. Olondrite-nonnalised REE patterns for the Ngoye 
granitoids. Fig. 2.16a rnagnetite-quartz veins and for comparison, a 
quartz vein from the Midian Complex (Harris & Marriner 1980), Fig. 2.16b 
zircon and fergusonite mineral concentrates from magnetite-quartz vein 
N193, Fig. 2.16c monzodiorite, Fig. 216d chloritic syenite. 
I 
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characterises the four samples of magneti~ rock (Fig. 
2 .16a). As illustrated in Figure 2.16b, the HREE are concentrated 
by zircon crystallisation (LaN/~ = 0.05), similar to the 
garnet effect of sample N34. '!he remaining heavy-mineral 
concentrate from N193 derronstrates that the l::ulk of the REE are 
concentrated in fergusonite, which contains up to 7.15% am 
exhibits a similar HREE-enriched pattern to the whole-rock 
sample. '!he REE profile of a magneti~ vein from the 
peralkaline Midian Granite Conplex of Saudi Arabia is included 
(Fig. 2.16a) am has a comparable, though somewhat HREE-depleted, 
pattern. 
(vi) As shown in Figure 2.16c, the hornblerrle monzodiorite has a very 
similar IREE-enriched pattern to the biotite-hornblerrle granites 
(LaN/~: 11.71), with a moderate negative Eu anomaly 
(Eu/Eu*: 0.35). '!he granite-like trerrl of the monzodiorite may 
result from infiltration of late-stage Eu-depleted granitic 
fluids into the original plagioclase-diopside assemblage, as 
evidenced by replacement textures ol::served in thin section 
(Section 2.1.12). 
(vii) '!he single syenite analysis exhibits a REE pattern (Fig. 2.16d) 
canparable with the field of Ngoye peralkaline granites, with 
moderate IREE enrichment (LaN/~: 10.49) am a marked 
negative Eu anomaly (Eu/Eu*: 0.14). '!he similarity between the 
syenite am peralkaline granite patterns is supportive of a 
cogenetic relationship between the two lithologies. 
2.4 Rb-Sr isot.qles 
2.4.1 Int:rtxb±:i<n 
'!he radiogenic isotope characteristics of the Ngoye Complex were 
investigated previously by Barton (1983). Based on whole-rock Rb-Sr 
data an errplacement age of 1064 ± 19 Ma (% = 0.7058 ± 0.002) was 
obtained, with a maximum model age of 110Omy. Although Barton considered 
the Ngoye granite to be homogeneous, her analytical results am sample 
positions (Fig. 2.17a) show that both the mesocrystic biotite granite 
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Figure 2.17. IDeality of the biotite-hornblerrle granite samples 
analysed for Rb-Sr isotopes (Fig. 2.17a). '!he resulting Rb-Sr isochron 
is given as Fig. 2.17b, in which the open circles are biotite-hornblerxie 
granite. '!he solid circle is for Il'eSClC1:YStic biotite granite ani the 
open squares are for biotite granite, from Barton (1983). One sample 
(N675 , half-filled circle) was omitted to obtain the results of 1058 ± 
49 Ma presented in this thesis. 
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'!he present investigation has been restricted to analysi.rg seven sanples 
of biotite-hornbleme granite. '!his lithology was selected because it 
is the JOOSt aOOrrlant rock type in the CCIITplex, it is relatively 
urrlefonned am, furthennore, it was not sanpled by Barton. 
2.4.2 l\nalytical :results 
Rb, Sr am 87Sr/86Sr data for the various lithologies analysed are 
presented in Table 2.8 am plotted as Figure 2.17b. six of the seven 
sanples plotted regress to an isochron date of 1058 ± 49Ma with an % 
of 0.7025 ± 26 (MSWD = 1.8). '!he seventh sanple (N675) deviates fran 
this best-fit line by more than seven times the analytical uncertainty 
am was thus anitted from the regression. '!his result is within error 
of those previously obtained by Barton (1983) for sanples of the 
mesocrystic biotite granite am biotite granite. Regression of the 
combined data, however, results in an errorchron, suggesti.rg that there 
are real differences in % of the lithology reported here am those 
analysed by Barton. Regression of various combinations of the data 
provides the results given in Table 2.9. 
Barton (1983) reported U-Pb data for zircon concentrates from the 
biotite granite (NEB13/8). '!hese data have been regressed am although 
the data are quite discordant, provide an upper-concordia intercept of 
1093 +76/-66 Ma. Until such t:iJne as more precise results are available, 
the preferred age for the Ngoye Complex is obtained fran the weighted 
mean of 1064 ± 19 Ma am 1058 ± 49 Ma, ie. 1063 ± 17 Ma. 
2.4.3 oLcuJSSicn of RirSr data 
'!he isotopic data from Ngoye can be divided into two groups, with the 
hornbleme-beari.rg granites having lower initial ratios (% = 0.7025) 
than the biotite-bearing granites (Ra = 0.7058). '!his imicates a 
mantle derivation for the hornbleme granite, with little evidence for 
contamination by radiogenic 87 Sr. In contrast, the higher initial 




Rb-Sr isotope data for Ngoye biotite-hornblerrle granite 
ISanple Rb ppm Sr ppm 87Rb/86Sr 87Sr/86Sr 
I 
I 
IN373 126 89 4.12 0.764698 ± 10 
IN447 90 104 2.51 0.740656 ± 12 
IN635 113 55 5.99 0.793353 ± 10 
IN664 146 95 4.47 0.771951 ± 12 
IN675 97 51 5.54 0.777407 ± 10 
1N700 103 85 3.52 0.755805 ± 11 
IN665 192 129 4.32 0.765865 ± 10 
I 
Table 2.9 
Regressed results: biotite-hornblende granite 
Granite type Date 
bi 1121 ± 63 Ma 0.6950 ± 11 
bi + mesocrystic bi 1064 ± 19 Ma 0.7058 ± 20 
bi-hbl 1058 ± 49 Ma 0.7025 ± 26 
bi + bi-hbl 1088 ± 17 Ma 0.7009 ± 13 
lmesocrystic bi + bi-hbl 1082 ± 87 Ma 0.7021 ± 46 
I total data set 1084 ± 24 Ma 0.7020 ± 17 
-57-
Table 2.10 
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1 (1978); Eby (1984): Liegeois et al. (1983); Taylor et al. (1980). 
1 Ngoye data from this study. Ngoye* from Barton (1983). 
Ngoye been plotted on selectErl tectonic-
discrimination diagrams, in an effort to characterise the probable 
tectonic setting at the time of their emplacement. For backgrourrl 
descriptions of the various diagrams the reader is referred to Section 
1.5.4. 
(Fig. 2. 18) , 
only those samples that were analysed for SIn am Yb, in addition to the 
other elements, have been plotted. '!he following points are noted: 
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(i) Whereas Zr, SIn, Y am Yb are close to the nonnalisinq values, 
K20, Rb am '!h values are high in all the samples plotted. A 
general trerrl of decreasinq values relative to ORG is thus 
a~ent fran K20 across to Yb, a feature characteristic of Wffi 
intrusives (Pearce et ale 1984). 
(ii) '!he fields delineated by the rnesocrystic biotite granite am 
biotite-homblerrle granite samples are canparable with the 
Skaergaard am Mull (attenuated continental margin) patterns (Figs 
2.18a & b). 
(iii) Rb am '!h are enriched relative to Nb in all the patterns, a 
feature which can be attriruted to crustal involvement (Pearce et 
al. 1984). 
(iv) selective enrichment ("spikes") of Ce am SIn, relative to their 
adjacent elements (Nb, Zr & Y) is particularly apparent in the 
patterns of the rnesocrystic biotite granite, biotite-homblerrle 
granite am the peralkaline granites (Figs 2.18a, b & c). Pearce 
et al. (op cit.) consider Ce am SIn enrichment to be 
characteristic of "crust-dominated" Wffi patterns am, in this 
regard, it is instructive to compare the Sabaloka pattern with the 
patterns for Ngoye granites (Figs 2.18b & c). '!he Sabaloka A-type 
granite central intrusion of the SUdan shows selective enrichment 
of "crustal" components (eg. Rb, '!h, SIn, Ce), consistent with 
lithospheric involvement durinq magma generation (Harris et al. 
1983). 
(v) '!he pattern exhibited by the biotite granite am the 
gan1et-muscovite granite is broadly comparable with the COLG 
pattern defined by Pearce et al. (1984) for S-type granites fran 
Tibet am SW Englam (Fig. 2 . 18d) . HCMever the Ngoye granites have 
marked negative Ba spikes am higher HREE contents, rrore in COIl1llOn 
with Wffi patterns. 
Fran the above ORG-nonnalised patterns, the Ngoye granites have a clear 
Wffi signature, with evidence for crustal contamination provided by 
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Figure 2.18. Plots of representative Ngoye granites, for which REE 
data are available, nonnalized against ocean-ridge granite (ORG). ORG 
values an:l the patterns for selected WR;' s an:l OX.G' s are from Pearce et 
ale (19S4). Fig. 2.1Sa mesocrystic biotite granite, Fig. 2.1Sb 
biotite-hornblende granite, Fig. 2.1Sc peralkaline granites, Fig. 2 .1Sd 
biotite granite an:l garnet-muscovite granite. 
-60-
Zr and Y. '!he brplication therefore is that the Ngoye granites were 
intruded into continental crust. 
2.5.2 Discrim:inati.al usinJ Nb, Y ani Rb 
within-plate granites (WPG) can be distin;Juj.shed fran volcanic- arc 
granites (VAG), ocean-ridge granites (ORG) and collision granites (OOIG) 
by their Nb, Y and Rb contents (Pearce et ale 1984). When the Ngoye 
granites are plotted in Nb-Y space (Fig. 2.19a) they are predaninantly 
WPG rut, due to low Y contents, some of the peraluminous and peralkaline 
granites fall in the VAG+<l)IG field. '!he OOIG character of these latter 
sarrples irrlicates crustal contamination, or alteration effects (Pearce 
et al. 1984). 
'!he Ngoye granites are better constrained within the WPG field on the 
Pearce et al. (1984) Rb vs Nb+Y diagram (Fig. 2. 19b) . However the high 
Rb content of the nn.lSCOvite-bearing granites again results in the spread 
of data towards the OOIG field. 
2.5.3 Maniar & Piax>li diagrams 
'!he Ngoye data have been plotted on two of the major-element tectonic 
discrimination diagrams devised by Maniar & piccoli (1989). As shown in 
Figure 2.20a, high Fe/~ ratios result in the classification of the 
majority of Ngoye sarrples as Group II granites, ie. rift-related or 
continental epeirogenic-uplift types. With regard to Al20 3 contents 
the distinction is however not as clear (Fig. 2.20b) and a mixed Group 
II/Group III character is suggested. 
2.5.4 YJNb di.scr::imi.naticn 
As outlined previously (Section 1.5.4), Y/Nb ratios for particular 
A-type granite intrusives tend to remain constant, even through 
protracted fractionation (Eby 1990). However, dispersed ratios may 
result fran metasomatic effects common in peralkaline granites (Eby 
1990). As shown in Figure 2.20, most of the Ngoye lithologies have Y/Nb 
ratios intennediate between ocean-island basalt (Om) and island-arc 
basalt (lAB), and are comparable with the trend of sabaloka granites. 
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Figure 2.19. Tectonic discrimination plot of Nb/Y (Fig. 2.19a) and Rb 
vs Nb+Y (Fig. 2.19b). Fields for ORG, VAG, cx)LG and WPG from Pearce et 
al. (1984) . symtols: (.) rnesocrystic biotite granite, (0) 
biotite-hornblerrle granite, (+) peralkaline granites, ( 0) biotite 
granite & garrlet-rnuscovite granite. As illustrated in Fig. 2.19a, the 
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Figure 2.20. Tectonic discrimination of the Ngoye granitoids as Group 
II (Fig. 2.20a) and Group II/III (Fig. 2.20b) according to parameters 
suggested by Maniar & piccoli (1989). Tectonic discrimination of the 
Ngoye granitoids in Ba/la vs Y/Nb (Fig. 2.2Oc) and Ce/Nb vs Y/Nb space 
(Fig. 2. 2Od) . Fields for A-type granites of the Sabaloka, White 
Mountain and lachlan complexes are fran Eby (1990) and are included for 
comparison with the Ngoye data. Average crustal corrposition is given as 
©, om = ocean-island basalt, TAB = island-arc basalt. 
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By analogy with the Sabaloka intrusion, it is inferred that the Ngoye 
Cooplex is an intra-continental ring complex. 
(i) Eleven gneissic alkaline granitoid types are recognised within the 
Ngoye Cooplex. 
(ii) '!he granitoids have been characterised according to IOOdal arrl 
geochemical criteria and range from peraluminous through 
metaluminous, to peralkaline in composition. 
(iii) structural arrl lithological considerations indicate that the Ngoye 
Cooplex is a defonned alkaline central complex, with an elongate 
outcrop pattern resulting from lateral shearing arrl stretching in 
an east-west direction. 
(vi) Rb-Sr isotopes support derivation of the metaluminous granites 
from a mantle source (low %) . 
(v) Trace element ratios and ORG-normalized patterns indicate that the 
Ngoye lithologies have the geochemical characteristics of A-type, 
mantle-derived, within-plate-granite magmatism. High LIL/HFS 
element ratios are consistent with intrusion into, arrl some 
reaction with, continental crust. 
3.1 ntlt. drtiat 
'!he Bulls Run catplex is located awroximately 20km nort.hwest of the 
Ngoye carplex (Fig. 3.1). Physical aspects pertaini.rg to this area are 
given by Scogirgs & Forster (1989) am Scogirgs (1991a). Access to this 
rugged area is poor, beirg hang;:lered by dense vegetation, steep 
~y am the Mhlatuze River that flows alol'XJ the southern margin 
of the c::::crrplex (frontispiece). '!herefore field traverses are generally 
lEmfthy am entail up to 15km of tough wal.ki.r'g, whidl makes for arduous 
collection of geochemical sanples. 
Scogirgs & Forster (1989) reported in sane detail on previous geological 
activity pertaini.rg to the Bulls Run catplex, therefore only a summary 
is presented here: 
(i) Du Toit (1931) reported the area umerlain by granitic rocks. 
(ii) De villiers (1941) recorded the occurrence of niobium-bearirg 
minerals in "albitite" at Bulls Run. 
(iii) Von Backstran (1962) noted large zircons (c. 15cm lOlXJ) in the 
gneisses on Bulls Run estate durirg an assessment of low-grade 
eluvial am alluvial deposits of zircon am IOOnazite. 
(iv) Nicolaysen & Burger (1965, p. 508) 5Ug(Jested that the gneisses at 
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Figure 3.7. Cartoon diagram illustrating the proposed rupture of an 
initial circular riD;} c::orrplex by lateral shearing. 'Ibis results in the 
present disposition, with bourrlinaged nepheline syenite remnants in a 
ductile matrix of biotite-muscovite syenite. 
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Bulls Run were syenitic arrl described them as "soda-rich Tugela 
migmatites arrl gneisses". pb-isotope studies on a sin]le zircon 
yielded an age of 1140 ± 35 Ma. 
(v) '!he name "Bulls Run syenite Gneiss Fo:rmation" was p~ (SACS 
1980). 
(vi) Olarlesworth (1981) delineated the extent of the Bulls Run 
syenitic gneisses classifyin] them, on the basis of IOOdaI 
analyses, as varyin] fran nonzonite arrl syenite to quartz 
syenite. A mylonitized contact between the syenite gneisses arrl 
surroun.:li.rg anpribolitic country rocks was cited as evidence for 
thrust tectonics durin] ~lacement of the syenite body. 
(vii) Scogin]s & Forster (1989) recorded the discovery of carbonatites, 
IlEP1eline syenites arrl albite syenite at Bulls Run. '!hey 
interpreted the "fo:rmation" as a metaIooqilosed 
syenite/carbonatite central CCl'l'plex, enplaced into continental 
crust (ScoginJs & Forster op cit., Scogin]s 1990a). 
(viii) Daly et al. (1989) highlighted the econanic potential of the 
Bulls Run nepheline syenite, for use as a flux in the ceramic arrl 
glass in::lustries (see synposimn al::stract in AWerrlix 4) • 
(ix) '!he proposal that the Bulls Run Fo:rmation be renamed the Bulls 
Run catplex (BRC), in accordance with generally-accepted 
terminology for alkaline central intrusions, was ratified by SACS 
(ScoginJs 1991a). 
3.2 st:rucbIral. an;i.derati..cn; 
3.2.1 :rnt:rab±i..at 
As mentioned previously (Section 1.1) , the interpretation of 
post~lacement defo:rmational effects has not been accorded high 
priority durin] this investigation. '!his is because intensive 
structural analysis of the 'l\lgela Terrane was carried out as part of the 
National Geodynamics Project, urxier the guidance of P.E. Matthews 
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FiglRe 3.3. Geology of the eastern part of the Bulls Rlm Corrplex. 




Figure 3.4. stereographic plot of structural data from the Bulls Run 
Corrplex, showing contours of poles to foliation planes and the 
distrirution of fold axes and lineations. symbols: contours at 2.5, 5 
and 10% per 1% area, ( ) lineations and fold axes. 
Figure 3.5. Field exposures illustrating transgressive stru.ctural 
fabrics that are superilllposed on original ma.gnatic features. structural 
features highlighted on overlay. Fig. 3. Sa: biotite-rich layers in 
nepheline syenite, Fig. 3.Sb: contact between pegmatite and albite 
syenite, Fig. 3 . Sc: microsyeni te dyke intruded into biotite-muscovite 
syenite. Scale in em. 
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Figure 3.6. Outcrops of mylonitised biotite-muscovite syenite at 
locality B143/237. Scale in em. Fig. 3.6a: mylonite zone looki.nq 
east, Fig. 3. 6b: microsyenite dyke boudin within mylonitised 
biotite-muscovite syenite. Looki.nq southwest. 
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(Rigotti 1977, Schulze-Hulbe 1977, Hanner 1979, smalley 1980, 
Olarlesworth 1981, Matthews & Olarlesworth 1981). 
Although the e.rtP'laSis during this study has been on the discrimination 
arrl delineation of litholCXJies, routine structural readings in the BRC 
were taken for c:x:nparison with the Ngoye structural data (Section 2.1 
arrl Scogings 1985). Fran this database the follOVling o1:servations are 
made: 
3.2.2 General. st:rucbIral fabric 
'!he BRC is characterised by a pervasive east-west striking, upright, 
gneissose fabric that dips at high argles both to the north arrl south 
(Figs 3.1, 3.2) . Features such as intrusive contacts arrl magmatic 
layering within the syenites, are transgressed by the gneissose fabric 
(Fig. 3.5) which increases in intensity towards the margins of the 
carplex. '!he lithological baOOing in the felsic country rcx::ks at the 
eastern extremity of the BRC defines an antiform that is sharply 
discordant to the foliation in the syenites (Fig. 3.1). '!his structural 
relationship is similar to that described fran Ngoye (Scogings 1985), 
sug;Jesting that the country rcx::ks were metarroqilosed arrl foliated prior 
to errplacement of the BRC (cf. Olarlesworth 1981). 
3.2.3 Ckntact rel.at:ialsb:ip 
As irrlicated (Fig. 3.2) , the contact zone between the BRC arrl the 
surrourrling country rock is mylonitised (Fig. 3.6). ShallCMer dips are 
a,warent in the country rcx::ks than in the cmplex itself (section, Fig. 
3.1). Fold axes in the mylonites are suti1orizontal arrl plurge at 
shallOVl argles both to the east arrl west (Fig. 3.4) . A similar 
relationship was described for the Ngoye cmplex (Scogings 1985), where 
the fold axes within mylonite zones have been rotated into parallelism 
with a lateral shear direction. 
AWarently the biotite-nuscovite syenite has respon::led relatively 
i.ncx:.Irpetently to strain within the mylonite zone, as exerrplified by a 
l:nldinaged microsyenite dyke (Fig. 3.6). '!his exanple clearly 
irrlicates that mylonitization post-dated the intrusion of microsyenite. 
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3.2.4 Effects of o ... eten:::y exwrt:zast 
FUrther evidence for defonnation by a lateral shear <XIUple is provided 
in the easte1:n part of the BRC (Fig. 3.7). At this locality the present 
disposition of l1EPleline syenite, carbonatite am feldspathic ijolite 
~ to result fran shearirg am boudinage of an original rirg-dyke 
c:x:arplex. It is suggested that the I1IlSCOVite-syenite fenite to the 
I1EPleline syenite was relatively plastic durirg defonnation am 
facilitated rupture of the nore-c:atpetent rirg dykes. '!his style of 
defonnation is consistent with the high strain noted in the marginal 
mylonites to the BRC, am is in acx:ord with the penetrative 
lateral-shear carponent described fran the Ngoye Cmplex (Scogirgs 
1985). 
In corx::lusion, the BRC is envisaged as a set of concentric cylirrlers, or 
cones, of different syenites that were later cc:rrpressed am stretched in 
an east-'NeSt direction by lateral shearirg. '!he heterogeneous 
distri1::ution of strain, fran a relatively low-strain core to tectonised 
margins, is a result of cx:mpetency contrast with the country rocks am 
ductile behaviour of the i.nc:::c::ITpetent, nuscovite-rich, envelope. 
3.3 Field and peUOCJtdlbic descript:.Un; 
3.3.1 Int::rab::t.:i. 
Contrary to previous descriptions of the Bulls Run Cmplex as an 
haoogeneous silica-oversaturated syenite body (Cllarlesworth 1981, 
Matthews & Cllarlesworth 1981), the BRC is shown to be lithologically 
c:x:arplex am essentially urrlersaturated (Scogi.n:Js & Forster 1989). '!he 
BRC is sul:xti vided into three major lithotypes acx:ordi.n:J to IOOdaI 
mineralogy, with an envelope of biotite-nuscovite syenite surrourxli.ng a 
core of biotite-l1EPleline syenite am albite syenite (Figs. 3.1 & 3.8). 
Minor intrusive !Xlases include peralkaline microsyenite dykes, 
carbonatite sheets, a feldspathic ijolite plug am biotite-rich mafic 
dykes. 
Representative IOOdaI analyses are presented as Table 3.1 (CCill>lete data 
set in Awerrlix 1, Table A1.2) am QAPF IOOdaI classification is 
illustrated in Figure 3.9. Due to the virtual lack of anorthite 
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~ 3.7. cartoon diagram illustratirg the proposed rupture of an 
initial circular rirg exmplex by lateral shearirg. '!his results in the 
present disposition, with bourrlinaged I16Ii1eline syenite remnants in a 




REPRESENTATIVE HODES: 8ULLS RUN COMPLEX 
8179 8105 B81a 8175 880 8222 8183 8220a 8217 862 B46 8n 
quartz 6 
microcl ine 19 35 11 33 46 46 21 t 2 34 
albite 34 36 5 1 22 19 36 52 39 t 47 
nephel ine 39 30 19 12 18 
cancrinite 10 4 4 t 4 
biotite 6 11 5 3 10 3 4 48 3 9 
ID.Jscovite 40 14 95 t 
hornblende 3 
aegirine-augite 22 13 
calcite 3 t t t 9 96 85 
apatite t 3 t t 3 t 3 t 
zircon t t 








= trace amount, less than 1% 880 = hornblende-nepheline syenite 862, 846 carbonatite 
8105 = biotite-lD.Jscovite syenite 8222 = biotite-nepheline syenite 872 microsyenite 
= ID.Jscovite-rich rock 8183, 8220a = albite syenite 
CCII'pOnent in the plagioclase, all the Bulls Run lithologies plot in the 
-quartz alkali-feldspar syenite, alkali-feldspar syenite an:l 
feldspathoidal syenite fields. 
SOrensen (1974), CUrrie (1976a) an:l Hall (1987) describe a mineralogical 






(Na+KjAl) less than 1. 00, 
syenites, with 
characteristically 
contain hornblerrle, biotite an:l zircon, sc:metines with accessory 
pyrochlore an:l rrelanite garnet. Agpaitic syenites, on the other harrl, 
are peralkaline an:l have mineral assemblages daninated by scxlic 
aItlfhiboles an:l pyroxenes, with unusual minerals such as eudialyte 
present as accessory t:Oases. Modal data (Table 3.1) in:ticate that the 
Bulls Run lithologies are dominantly miaskitic. 
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Classification of the feldspathoidal syenites on the IOOdaI AFM diagram 
(sorensen 1974, Ie Bas 1977) irrlicates that the majority are 
feldspathoidal syenites (juvite aId foyaite), with three relatively 
mafic samples plotting in the feldspathic-ijolite field (Fig. 3.9c). 
Polished slabs of representative Bulls Run lithologies are illustrate:i 
in Figure 3.8, for reference during the following descriptions. 
3.3.2 Biotit.e-w.Jscavi.te syenite 
As depicte:i in Figure 3.1, this rock type fonns an envelope to the 
nepteline syenite core. DIe to high mica contents aId susceptibility to 
VJeathering fresh outcrops are unc::x::nm:>n aId enc:xJUI1tered essentially to 
the east of Goedertrou Dam. Al:mrlant nuscovite (10 to 30 IOOdaI%) is 
dlaracteristic of this rock type, aId is particularly useful \tJhen 
mawing areas of poor exposure, as nuscovite is easily rE!CXlgIli.sed in 
residual soils. 
'!his medium-qrained lithology varies fran off-white to pink, with the 
fo:r:mer colour restricte:i to the eastern aId central parts of the 
carplex. As the bourrlary between the two varieties of biotite-
nuscovite syenite has not yet been identified with certainty, they are 
not discriminate:i in Figure 3.1. 'lhin-section analysis of this rock 
type irrlicates the following IOOdaI assemblage: albite (30 to 50 IOOdaI%, 
Abg9) , microcline (10 to 35 IOOdaI%, Or94) , nuscovite (5 to 35 
IOOdaI%), Fe/Ti-rich biotite «10 IOOdaI%) aId calcite «10 IOOdaI%), with 
accessory apatite aId SIilene. Modally, the biotite-nuscovite syenite 
classifies as alkali-feldspar syenite aId defines a restricte:i field 
near the "A" apex of the QAPF diagram. 
'lhin section examination reveals that the feldspars carprise 
5nm-diamater danains of fine-grained polygonal material representing 
large crystals reduced in grain size during defomation. Alloost 
invariably, nuscovite is the dominant micaceous mineral aId it CCITI'IOnly 
cx:x::urs as small books in nests up to lOnin diamater, in conjunction with 
pleochroic yellow to brown biotite; together these minerals define a 
gneissose fabric. Iron-stained calcite is a c::::cnm:>n accessory, 
especially near intrusive carbonatites, aId fonns interstitial patches 
aId veinlets in the syenite. 
BlOT ITE - MUSCOVITE SYEN IT E 






Figure 3.8. Polished slats of representative lithologies from the 

























Figure 3.9. Classification of the Bulls Run lithologies usinj IOCldal 
proportions. Figs 3.9 a & b: QAPF diagram of strec:keisen (1976a), with 
fields of Bulls Run syenites shown as solid black. '!he relevant QAPF 
fields are numbered as follavs: 6* = quartz alkali-feldspar syenite, 6 
= alkali-feldspar syenite, 6" = foid-l:::earinj alkali-feldspar syenite, 11 
= foid syenite. Fig. 3.9c: Am diagram for the classification of 
feldspathoid-bearirq rocks, from Sorensen (1974) and I.e Bas (1977). 
syml:x:>ls: (0) nepheline syenites from the eastern part of the complex, 
(.) nepheline syenites from the central and western part of the complex, 




























































































































albite: biotite-muscovite syenite 
albite: feldspathic ijolite 
albite: hornblende-nepheline syenite 
albite: biotite-nepheline syenite 
albite: albite syenite 
albite: microsyenite 
albite: carbonatite 


















ions on basis of 32 oxygens 



















































ions on basis of 32 oxygens 















































































































microcline: feldspathic ijolite 
microcline: hornblende nepheline syenite 
microcline: biotite-nepheline syenite 
microcline: albite syenite 




= microcline: carbonatite 
albite (Deer et Ei. 1966) 
orthoclase (Deer et Ei. 1966) 
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TABLE 3.3 
MICROPROBE ANALYSES: BULLS RUN COMPLEX 
NEPHELINE CANCRINITE 
B17Sn saOn B23n A B17Sc B80c B23c B 
Si0 2 42.11 42.84 42.10 43.97 36.36 36.52 38.33 35.22 
Al 203 34.24 34.15 34.05 32.89 28.37 28.31 28.76 29.79 
FeO 0. 09 0.01 0.01 nd 0.15 0.03 
CaO 0.13 0.28 0.09 0.43 6.69 7.91 6.77 8.17 
Nat> 16.25 15.94 15 . 99 15.73 17.83 15.97 16.65 18.16 
K20 7.27 7.08 7.53 5.45 · 0.05 0.05 0.17 
Total 100.09 100.30 99 .77 98.47 89.45 88.76 90.54 91.51 
ions on the basis of 32 oxygens 
Si 8. 148 8.241 8.174 8.513 5.916 5.958 6.095 6.007 
Al 7.809 7. 744 7.792 7.764 5.442 5.446 5.391 5.990 
Fe2+ 0.014 0.002 0.002 nd 0.020 0.004 
Ca 0.028 0.057 0.019 0.090 1.166 1.383 1.153 1.493 
Na 6.098 5.945 6.020 5.903 5.625 5.052 5.133 6.004 
K 1.796 1.738 1.865 1.348 0.010 0.010 0.036 
Total 23.893 23.727 23.872 23.618 18.179 17.849 17. 776 19.530 
Ne 73 . 98 73.54 72.81 75. 1 nd nd nd nd 
Ks 24.58 23.93 25.51 19.1 nd nd nd nd 
Q 1.44 2.53 1.68 5.8 nd nd nd nd 
nd not determined B17Sc - . cancrinite: feldspathic ijolite 
not detected 880c cancrinite: hornblende-nepheline syenite 
817Sn nephel ine: feldspathic ijolite 823c cancrinite: biotite-nepheline syenite 
B80n nephel ine: hornblende-nepheline syenite 8 cancrinite: nepheline syenite, Korea 
823n = nephel ine: biotite-nepheline syenite (Deer et ll. 1966) 
A nephel ine: nepheline syenite, Scotland 






















































































ions on basis of 24 oxygens 










0.069 0.065 0.025 
0.976 0.558 1.079 
0.015 
0.029 0.019 0.013 
2.011 2.015 1.911 













































































































































ions on basis of 6 oxygens 














































biotite: biotite-muscovite syenite 
biotite: albite syenite 
biotite: carbonatite 
amphibole: nepheline syenite 
pyroxene: feldspathic ijolite 
pyroxene: microsyenite dyke 
pyroxene: microsyenite dyke 
garnet, feldspathic ijolite 
A = biotite (annite) 
B = barkevikite (Deer et 21 1966) 
C = aegirine-augite (Deer et 21. 1966) 
D aegirine-augite (Deer et 21. 1966) 
E melanite garnet (Deer et 21. 1982) 
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3.3.3 Biotit.e-ne(bel ine syenite 
Biotite-nEP1eline syenite rilns the urrlersaturated core of the BRC, am 
is \tIe11 exp:lS9d on the fanns Bulls Run, Black Eyes am the western part 
of Goedertrow (Fig. 3.1). Several small masses am elongate sheet-like 
bodies of hornblerrle-nEP1eline syenite, in association with an ijolitic 
plug at the eastern extremity of the BRC, are described separately 
(Section 3.3.5) . 
'!he biotite-J1eIi1eline syenite is medium to coarse grained, grey to 
pinkish-grey am, typically, has a "knoJ:bly" o.rt:c:rq> surface due to 
preferential \tIeatherirg of blue-grey nEP1eline mesoc::rysts. Irregular 
pegmatitic patches are developed cx::casionally am contain tal:ular 
J1eIi1eline megacrysts up to Scm in 1en;Jth. '!he gneissose fabric varies, 
as described previously, fran intense near the margins of the BRC to 
relatively weak towards the core of the massif. 
As shown by the representative IOOde (Table 3.1, Semple B222, also 
~ 1, Table Al. 2) , this rock type consists predaninantly of 
microcline (30 to 50 mXlal%, Or93 ) , pure albite (5 to 30 mXlal%, 
Abg9) , potassic nEP1el ine (5 to 30 mXlal%, N~3) am cancrinite «10 
IOOdaI%), with biotite (5 to 15 mXlal%) the characteristic mafic !ilase. 
Accessory minerals include calcite, apatite am ilmenite. 
Cancrinite, identified both by thin-section am micrq>robe techniques 
(analysis B23c, Table 3.3), usually cx::curs as aggregated polygonal 
grains am reaction rilns between calcite ani nEP1eline (Fig. 3. lOb) • 
Accorclir¥J to Deer et al. (1966), cancrinite is typically fonned by 
reaction between early-fonned neJ:heline ani co2-rim residual 
fluids. '!he data presented in Table 3.3 shows the Bulls Run cancrinite 
has typical high volatile, Na20 ani Al20 3 contents. 
3.3.4 Albite syenite 
'!he core of the BRC canprises fine- to medium-grained, leuccx::ratic, 
generally light-grey syenite with a siliceous "glassy" ~ in 
o.rt:c:rq>. Gradations in colour are arprrent, fran off-wnite, through to 
grey rut it has not been feasible to map separate units on colour alone, 
particularly as the different colours fonn sdllieren ani grade 
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iIrperceptibly into one another. Contacts between albite syenite am the 
enclosirg biotite-neIi1eline syenite envelope have not been ol:::served rut, 
fran field relationships, the transition ~ to be fairly rapid. 
D.le to the leucocratic nature of the albite syenite, with few mafic 
minerals, the pervasive east-west gneissosity is generally poorly 
defined in outcrop. 
Modal analysis of thin sections reveals that the albite syenite mineral 
assemblage is dominated by albite (45 to 65 modal%, Abg9)' with 
subordinate microcline (25 to 45 modal%, Or95) , nep,eline «25 
modal%) , cancrinite «20 IOOdaI%) am biotite (2 to 7 IOOdaI%) . As 
irx:licated in Table 3.1 Bare of the albite syenites cxmtain equal aIOOllI1ts 
of albite am microcline (sanple B183). However, since they are 
Iilysically irx:listinJuishable in the field, they are grouped with the 
albite-rich types. Access,ory minerals, generally IOC>re al.::urrlant in 
microcline-rich varieties of the albite syenite, are zircxm am 
pyrochlore (Fig. 3.11). 
Micrc:probe data for albite am microcline fran semple B183 are presented 
in Table 3.2 am irx:licate essentially prre errl-rrember catp:)Sitions. A 
sirgle biotite analysis (B183b, Table 3.4) is titaniferous am, with 
respect to FeO, awroaches armite in CCIl'pOSition. 
Albite is the dominant mineral in JOOSt thin sections am cx:x:urs as 
relatively large sirgle crystals am polygonal aggregates, enclosirg 
interstitial microcline, neIi1eline am cancrinite. '!his textural 
relationship irx:licates that albite crystallised first, follC1Ned by the 
IOC>re potassic cxmstituents. 
AlIOOSt invariably, nep,eline is altered to an aggregate of kaolin, 
sericite, muscovite am biotite hostirg pyrochlore am zircxm (Fig. 
3.11). cancrinite cx:x:urs roth as reaction rilns between neIi1eline am 
calcite as well as fonttirq networks am veinlets through brecciated 
feldspar (Fig. 3.11) • '!hese textural relationships sugJest that the 
albite syenite was invaded by volatile-rich fluids that reacted with 
J'1eIileline, fonttirq deuteric cancrinite am precipitatirg pyrochlore am 
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NEPHELINE 
Figure 3.10. Photomicrographs of biotite-nepheline syenite, sample 
B23. Field of view 3 mm. Fig. 3.10b illustrates the formation of 
cancrinite due to the reaction between CO2-rich residual fluids and 
nepheline. 
INTERSTITIAL CANCRINITE 
a ALTERED NEPHELt NE 
Figure 3.11. Photomicrographs of albite syenite. Field of view 3 
nun. Fig. 3.lla: remnant albite crystals surrounded by cancrinite am 
altered nepheline (sample B20), Fig. 3.llb: altered nepheline (sample 
B183) , Fig. 3.llc: pyrochlore am zircon surrounded by 
radioactively-induced cracks, in albite syenite B183. 
AEGI RINE AUGIT E 
::-::-~ , ' : .. 
.. .,... ;., 
Figure 3.12. Photomicrographs to illustrate textural features in 
feldspathic ijolite B175. 
interstitial aegirine-augite, 
reaction rim around calcite, 
by microcline. 
Field of view 3 mm. Fig. 3.12a: 
sphene and Ti -garnet, Fig. 3.12b: garnet 
Fig. 3 .12c: euhedral nepheline surrounded 
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ziroon. 'Ihis paragenetic sequence irrlicates the increasinJ inportance 
of volatiles with progressive crystallization of the albite syenite. 
3.3.5 Feld!:pthic ijolite 
Feldspathic ijolite was discovered in the eastern extremity of the BRC, 
near the l::x:Jurrlary between the fanns Goede.rtrc:7tI am UIrhlatuzi (Figs 3.1 
& 3.3). 'Ihis unusual lithology fonns the centre of a small 
J1eIileline-syenite plug, sate 100 m in diameter, am is associated with 
several elor'gate outcrops of hornblerrle- ~line syenite, 
biotite-JleIi1eline syenite am carbonatite. As described above, this 
assemblage is interpreted on structural groorrls as a l:xJudinaged am 
"unravelled" central-plug/rinJ-dyke association (Section 3.2.4, Fig. 
3.7). 
In outcrop the feldspathic ijolite is coarse-grained, noticeably mafic, 
distinctly green to green-black, am characterised by al:mrlant 
negati vely-weathered ~line. '!he overall ilrpression fran outcrop 
evidence is that the pervasive east"""'WeSt gneissosity is either ament or 
poorly develqlE!d am that the predaninant structure is due to aligrnnent 
of ~line crystals in a concentric flC1N fabric that awarently 
parallels the plug margins. In harrl speciInen, tab.1lar JleIi1eline 
crystals 0.5 to 1. 0 em in len:fth constitute a framework that hosts a 
network of interstitial green am black mafic minerals, with associated 
yellC1Nish S!ilene (Fig. 3 . 12) . 
'!he Bulls Run ijolite classifies as feldspathic ijolite (Fig. 3.10), 
daninated by feldspathoids (11eIi1eline am cancrinite 40 to 60 IOOdaI%), 
deep-green aegirine-augite (c. 20 IOOdal%) am yellC1N- brown garnet (5 to 
10 IOOdal%). Aa::essory };ilases are microcline, albite, S!ilene, biotite, 
calcite, apatite am opaques (Table 3.1). Micrcprobe analyses of 
selected minerals are given in Tables 3.2, 3.3 am 3.4 am den¥:>nstrate 
that the albite (Abg9) am microcline (Or 94) are essentially pure 
ern-members, with J1eI:heline relatively potassic (74%Ne, 25%Ks) • 
Crnparison of of pyroxene analysis B175p with plblished data suggests an 
aegirine-augite carposition (Table 3.4). '!he garnet is ll'elanitic am 
characterised by Ti02 contents up to 1.55%. 'Ihis titaniferous 
CXllphition is typical for ijolitic garnets (Bailey 1974). 
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Microscopic examination reveals that J1eIbeline is surrcA.1Irled by an 
interc::urrulus matrix of albite, cancrinite, unzoned green to brown 
pleochroic aegirine-augite, garnet, S};ilene, calcite am apatite (Fig. 
3.12) • '!he J'leIi1elines terxi to be turbid am kaolinised alorg cleavage 
planes am, in addition, contain orientated needles of exsolved 
aegirine-augite am feldspar. Textural relationships irrlicate that 
euhedral J1eIbeline crystallized early (Fig. 3. 12c) am was then rinmed 
am sanetimes corroded by later microcline. '!he voids bebveen the 
J1eIbeline am microcline crystals then trawed residual alkali-rich 
liquids that sul:sequently precipitated spon:Jy, poikilitic intergrowths 
of sieve-textured aegirine-augite, surrourded am embayed by granular 
SIi1ene am garnet. 'Ihe textural evidence suggests that these latter 
minerals, ie. SIi1ene am gan1et, grew at the expense of pyroxene. 
Garnet also fonns rims between calcite am plagicx:lase, irrlicatirg 
reaction related to late-stage CD2-rich fluid activity. A similar 
texture has been dOCl1lTel1ted for the hornblerrle-nonzodiorite plug in the 
Ngoye Crnplex, where Ti -bearirg an:iraditic gan1et has fanned due to 
calcite plagicx:lase reaction (Scogirgs 1985). 
3.3.6 carixmatite 
Carl:x:>natites have been located at three sites in the BRC where they 
occur exclusively in areas urrlerlain by biotite-muscovite syenite 
(Scogirgs & Forster 1989). 'Ihe ITOSt extensive exposures are in the 
vicinity of the feldspathic ijolite plug in the eastern part of the 
CCII'plex (locality A of Scogirgs & Forster 1989). Here, an elongate, 
north-east-str:ik.in], steep-dippirg body of off-white to brown 
carl:x:>natite (Figs 3. 8f & 3.13b) sane 100 m in len;Jth am up to 10 m 
wide, is clearly intrusive into the biotite-muscovite syenite (Fig. 
3.13a). Barrls am streaks of biotite define a probable relict flow 
fabric, with large books of biotite up to 5 em in len;Jth characteristic 
of the brown carbonatite (samples 846 & BGO). 
'Ihe carl:x:>natite in the central part of the BRC (Fig. 3.2 for lcx:ality, 
samples B87 & B92) occurs as an east-str:ik.in], essentially vertical 
sheet, sane 200 m lolYJ am up to 1 m wide. Again, clear intrusive 
relationships are ~ent, with sharp contacts am l1\.1marOUS 
well-roorrled xenoliths of muscovite syenite. 
~ 3.13. Bulls Run s6vite caroonatites. Fig. 3.l3a: outcrop of 
caroonatite with xenoliths of biotite-muscovite syenite, scale in an, 
Fig. 3.13b: polished slab of brc:Mn caroonatite from semple site B60, 
scale in an, Fig. 3.l3c: photomicrograph of caroonatite B46, 
illustrat~ typical mineral assemblage (p = pyrochlore). Field of view 
3 mm. 
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Figure 3.14. Field exposures of biotite-rich dyke with lOClnomineralic 
inclusions (Fig. 3 . 14a) . Field ~e in the central portions of the 
BRe, illustratinj biotite-rich xenoliths enclosed in biotite-nepheline 
syenite (Fig. 3.14b). 
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rrbe third locality (Locality C, semple B229 of Scogirgs & Forster 1989) 
is the smallest cx:x::urrence yet recorded in the BRC, with outcrops 
fo~ irregular pods am veins within biotite-l1l.1SCOVite syenite. 
Although CXllipOSed predaninantly of white medium-grai.ned calcite, this 
cx:x::urrence is rich in biotite am a greenish hue is inparted to sane 
specimens by high concentrations of apatite. rrhis locality is of 
particular interest owirg to the presence of red-brown, euhedral zircons 
up to about O.Scm lorq within the carbonatite. 
Petrograprically the carbonatites are calcite carbonatite, or sOvite 
(streckeisen 1978, Woolley & Kempe 1989) am consist predaninantly of 
calcite (50 to 95 IOOdaI%) , biotite (2 to 20 IOOdaI%, Table 3.4 for 
microprobe data), am apatite «10 IOOdaI%). Accessory constituents 
include microcline (Or93 ) , albite (Abg7) , pyrochlore am iblerite, 
with traces of pyrite, zircon, am nuscovite (Table 3.1). Biotite is the 
characteristic mafic mineral am CCI'lIOC>nly occurs as fish-shaped, 
signoidally-curved am often kinked l:x:xlks. rrbe feldspars occur as 
rourxied grains am aggregates which are nv::lSt CXI'!IlO1l in the xenolith-rich 
specimens fran localities B am C. Rourxied to suliledral apatite is a 
notable constituent of all specimens analysed. Pyrochlore is restricted 
to the brown carbonatite near the ijolitic plug am is distin3uished in 
thin section by typical octahedral fonn, subtranslucent brown colour am 
isot.Iq>ic behaviour urrler crossed palars (Fig. 3 • 13c) . 
3.3.7 Biotite-rich dykes 
rrhese mafic rocks are intrusive into biotite-nuscovite syenite, 
particularly on the fann Goedertrow (Fig. 3.1). rrbe dykes crop out as 
steep southerly-diwinJ sheets up to 2 m in width am are exposed over 
strike lengths of 5 to 10 m. rrbe best exposures are on the western 
banks of the Goedertrou Dam (locality B217, Fig 3.14a), J::ut are 
accessible only when the water level recedes. Elsewhere, due to the 
friable dlaracter of this biotite-rich lithology, outcrops are poor am 
highly weathered. 
rrbe dykes are dark grey to alIoost black in outcrop am, when freshly 
broken, glisten due to a1:::mrlant small flakes of biotite. As illustrated 
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(Fig. 3 • 14a) , the dykes are ~ed with inclusions am wispy stri.n:Jers 
of off-white feldspar aggregates. 
In aalition to the alx>ve intrusive dykes, macrosc:q>ically similar 
xenoliths of similar macrosc:q>ie appearances cx::cur within ~line 
syenite on the fann Bulls Run (Fig. 3. 14b) • However, these xenoliths 
lack the IIDI1CI1lineralie inclusions that characterise the dykes. 
In thin section the typical IOOdal assemblage carprises equigranular, 
f~ined (0.5 to 1.0 nm), red-brown to greenish-brown biotite (20 to 
50 IOOdal%), albite (40 to 50 IOOdal%, Abg9) am calcite (6 to 12 
IOOdal%) • Microcline is a minor constituent of the dykes (<3 IOOdal%), 
l::ut is IOOre ab.m:lant (c. 16 IOOdal%) in the xenoliths. Apatite is a 
constant accessory (<3 IOOdal%) am occurs as stunpy, roomed grains. 
Examination of a felsic inclusion fran the dyke at locality B217 reveals 
it to be essentially IOOnanineralie, with 95 IOOdal% polygonal albite am 
accessory calcite am biotite. Two generations of calcite are evident, 
with an early clear ~ mantled by cloudy, iron-stained, overgrowths 
that also fonn interstitial networks between the silicate minerals. 
3.3.8 M:icrosyarl.te dykes 
Microsyenite dykes up to 2 m in width am several hunked metres in 
lenJth intrude the biotite-nuscovite syenite (Fig. 3.1 for locality). 
'lhese steep-diwi.n:J dykes trerxl east-west, display sharp contacts with 
the S\lITCXlI'rli.n rocks (Fig. 3.Se) am are characteristically flow-banded 
(Fig. 3.8e) • D.1e to their fine grain size, these dykes do not exhibit 
the pervasive gneissosity of the S\lITCXlI'rli.n nuscovite syenite in the 
field (Fig. 3. Se), even when boudinaged (Fig. 3. 6b) . 
Modal analyses (Table 3.1, B72) are daninated by albite (50 to 70 
with lesser aIOOUnts of microcline {c. 20 IOOdal%, 
(c. 5 IOOdal%) am aegirine-augite {5 to 10 IOOdal%, Table 
3.4 for microprobe data). Accessory ~ include interstitial calcite 
am ra.m:led apatite grains. Texturally, the dykes are fine-grained (0.1 
to 0.2 nm), essentially equigranular rocks, with occasional aggregates 
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of polygonal microc:line up to about 2 mn in leJ'l3tll. 'Ihese ~tes 
may represent relict Iilenocrysts that recrystallised durin] 
metaIooqnism. '!he flow fabric is defined by aligned, elOl'Y:JCite, 
polygonal aggregates am prisms of green to brown pleochroic 
aegirine-augite. 
Although structural fabrics are not obvious in harrl specilren, 
thin-section examination of a boudinaged dyke (semple site B237) reveals 
intense foliation, grain-size reduction, am metaIoorpric growth of blue 
riebeckite needles. 
3.4.1 Ird2cdncticn 
A total of 69 whole-rock sanples were analysed for major- am 
trace-elements; 22 of these sanples were also analysed for REE. A 
CCIlplete set of BRC data constitutes Tables A2 • 2 am 3.2 in the 
~. Representative geochemical am nonnative data for the Bulls 
Run carplex are presented as Tables 3.5 am 3.7, with c:::arparati ve 
analyses fran the literature as Table 3.8. 
catparison of the BRC neIileline syenites with average neIileline syenite 
am Iilonolite c:arp:lSitions (A am B, Table 3.8) confirms the relatively 
potassic dlaracter of the fonner. In this respect they are directly 
carparable with Blue MJuntain l'1eIileline syenite (J, Table 3.8) am, like 
the latter, are aluminous. Albite syenite (B183 am B22Qa, Table 3.5) 
fran the BRC is generally sodic am, although relatively aluminous, is 
carparable with I.e Maitre's (1976) average l'1eIileline syenite am 
Iilonolite. Apart fran sc:.mawhat higher Si02 am Na20 contents, the 
microsyenite dykes within the BRC exhibit similar major-element 
<XtllfOSitions to I.e Maitre's average syenite am trachyte carp:lSitions (C 
am 0, Table 3.8). 
Ccltparison with p.1blished analyses fran the literature reveals 
similarities between the biotite-muscovite syenite fran Bulls Run (B179 
am B105, Table 3.5) am corundum syenite fran Blue MJuntain (I, Table 
3.8), especially with respect to high Al203 contents am K20/ 
Na20 ratios. Muscovite-rich material fran the biotite-nuscovite 
lithology (B81a, Table 3.5) has been analysed am CCIlprises essentially 
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TABLE 3.5 






































































































































nd ; not determined 
not detected 
B179, Bl06 biotite-muscovite syenite 
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; feldspathic ijolite 
hornblende-nephe l ine syenite 
; biotite-nepheline syenite 
albite syenite 
B217 = biotite-rich dyke 
B62, 846 carbonatite 
B72 microsyenite dyke 
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Si02, Al203 arxi K20. '!he only c:::arparable potassic rock associated 
with carbonatite/syenite canplexes is orthoclasite, develc:p3d as a 
result of K-metasanatism imuced by savite intrusion (K arxi L, Table 
3.8). '!he carbonatites have been described previously (Scxlgln;Js & 
Forster 1989) arxi have characteristic savite chemistry (cf. Woolley & 
Ken'pe 1989) with high cao, Nb arxi Sr contents (B62, B46 in Table 3.5). 
'!he biotite-rich dykes that intrude the eastern parts of the BRC are 
potassic arxi essentially alkaline (Table 3.5, analysis B217). 
Similarities are exhibited with average basanite, nepteline basalt, 
neptelinite arxi tep1rite (E, F, G arxi H, Table 3.8). 
3.4.2 Effects of defca:mat:i.al at geocbemi say 
Durin:] the geochemical sanplin:] programme 
collect the least-defonood specimens, 
every effort was made to 
ie. those with minimal 
gneissosity • However this approach was hanpered by the availablity of 
suitable rutcrop arxi, therefore, the effect of defo:rmation on major- arxi 
trace-element chemistry was assessed qualitatively (Table 3.6, Fig. 
3.15). With respect to the major elements it is awarent that, apart 
fran limited Al203 depletion in mylonite sanple B237a, arxi K20 
depletion in mylonitised microsyenite B237, the remain:1er of the major 
elements plot within the fields defined by relatively poorly-foliated 
syenites. Likewise, trace elements do not show any appreciable chan:Je 
as a result of intense defo:rmation (Table 3.6) arxi it therefore appears 
reasonable to asstnne that closed geochemical systems operated durin:] 
defo:rmation. 
3.4.3 AlDIina sat:urat.ial 
As discussed previously (section 3.3.1), syenitic rocks are classified 
on mineralogical grourrls as either agpaitic or miaskitic. A geochemical 
distinction, based essentially on relative prqx>rtions of alkalis to 
altnnina, recognizes peralkaline agpaites arxi peraluminous miaskites 
(Sorensen 1974, OJrrie 1976a, Inrie 1985). Classification of the Bulls 
Run lithologies accordin:J to these parameters irxticates that the 
biotite-nusoovite syenites are peraluminous, the biotite-J1eIheline 
syenites peraluminous to metaluminous, arxi the microsyenite dykes 
metaluminous to peralkaline (Fig. 3 .16a). A metaluminous character is 
TABLE 3.6 















































































































moderately-foliated biotite-muscovite syenite 








moderately-foliated biotite-nepheline syenite 
well-foliated biotite-nepheline syenite 
poorly-foliated microsyenite 
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Fig. 3.15. Comparison of highly deformed 
syenites with fields of moderately deformed 
syenites, Bulls Run Complex 
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TABLE 3.7 
REPRESENTATIVE NORMS: BUllS RUN COMPLEX 
CIPW NORMS 
8179 B105 B175 B80 B222 8183 B220a B217 Bn 
Quartz 3.65 2.31 8.98 
Corundl.lll 9.65 5.80 3.06 2.87 1.50 5.52 
Orthoclase 36.45 41.93 33.09 38.59 47.96 42.53 34.53 26.94 23.38 
Albite 32.61 37.68 5.90 14.62 18.86 37.44 43.43 25.35 52.23 
Anorthite 2.53 0.49 3.73 5.01 
Nephel ine 33.06 28.48 19.69 12.52 17.07 
Acmite 4.69 
Wollastonite 5.95 0.85 0.80 
Diopside 7.27 3.72 7.10 
Hypersthene 4.43 4.66 13.86 
Olivine 3.60 1.33 2.43 9.48 
Magnetite 3.10 1.58 4.88 4.36 2.60 0.71 0.31 1.59 1.26 
Ilmenite 1.26 1.53 2.59 1.57 1.25 0.42 0.13 4.29 0.58 
Haematite 0.83 
Apatite 0.73 0.23 1.42 0.70 0.40 0.16 0.02 2.97 0.44 
Calcite 5.54 3.70 1.25 2.06 2.56 1.59 0.35 9.94 0.50 
Zircon 0.05 0.09 0.03 0.04 0.02 0.43 0.23 0.06 0.04 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
MESONORMS 
Quartz 6.29 4.70 10.14 10.90 
Corundl.lll 10.49 5.98 3.06 2.87 1.50 5.52 
Orthoclase 32.37 37.46 28.87 36.07 43.82 41.06 32.23 3.74 20.75 
Albite 32.61 37.67 10.30 16.86 21.25 38.29 44.99 25.35 52.23 
Anorthite 0.22 3.73 5.01 
Nephel ine 30.68 27.27 18.40 12.06 16.22 
Biotite 6.97 7.57 6.42 3.98 7.23 2.60 4.08 38.41 3.n 
Wollastonite 7.87 1.63 4.10 
Riebeckite 4.72 
Magnetite 3.10 1.58 6.08 4.36 2.60 0.71 0.31 1.61 
Haematite 1. 79 
Sphene 1.63 0.35 3.35 2.02 0.76 
Rutile 0.67 0.66 0.22 0.07 2.26 
Apatite 0.73 0.23 1.42 0.70 0.26 2.57 0.44 
Zircon 0.05 0.09 0.03 0.04 0.02 0.43 0.23 0.06 0.04 
Calcite 5.54 3.70 1.25 2.06 2.70 1.76 0.37 10.34 0.50 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
not detected B222 biotite-nepheline syenite 
8179, 8105 = biotite-muscovite syenite B183, 8220a albite syenite 
8175 feldspathic ijolite B217 biotite-rich dyke 
B80 hornblende-nepheline syente B72 microsyenite 
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TABLE 3.8 
COMPARATIVE ~HOLE-ROCK GEOCHEMISTRY FROM LITERATURE SOURCES 
A B C 0 E F G H 
Si02 54.99 56.19 58.58 61.21 44.30 40.73 40.60 47.86 
Ti02 0.60 0.62 0.84 8.70 2.51 2.17 2.66 1.76 
Al203 20.96 19.04 16.64 16.96 14.70 12.64 14.33 17.00 
Fe~3 2.25 2.79 3.04 2.99 3.94 6.13 5.48 4.12 
FeO 2.05 2.03 3.13 2.29 7.50 7.04 6.17 5.22 
MnO 0.15 0.17 0.13 0.15 0.16 0.15 0.26 0.15 
MgO 0.77 1.07 1.87 0.93 8.54 10.63 6.39 4.70 
CaO 2.31 2.72 3.53 2.34 10.19 11.46 11.89 9.18 
Na20 8.23 7.79 5.24 5.47 3.55 3.70 4.79 3.69 
K~ 5.58 5.24 4.95 4.98 1.96 2.12 3.46 4.49 
P20S 0.13 0.18 0.29 0.21 0.74 0.89 1.07 0.63 
LOI 1.47 1.94 1.22 1.62 1.62 2.12 2.19 1.25 
CO 0.20 0.08 0.28 0.09 0.18 0.15 0.60 0.02 
Total 99.69 99.86 99.74 99.94 99.89 00.93 99.89 100.07 
J K L M N 
Si02 59.56 58.84 48.40 65.04 47.16 50.25 
Ti02 0.13 0.52 0.14 0.42 0.62 
Al 203 24.69 23.26 14.22 19.21 18.34 19.50 
Fe203 0.44 1.43 7.96 0.25 6.68 2.42 
FeO 1.28 0.52 net . net . 2.84 2.51 
MnO 0.04 0.05 0.36 0.05 0.33 0.20 
MgO 0.03 0.03 0.29 0.01 1.93 0.41 
CaO 0.43 0.66 8.57 0.09 6.73 5.67 
Na20 3.89 4.75 0.42 4.45 9.40 6.90 
K20 8.80 10.09 12.00 11.17 4.97 6.50 
P20S 0.02 0.01 0.45 0.02 0.15 0.32 
LOI 0.60 0.19 0.62 net 0.85 2.87 
CO 0.19 0.13 6.48 net 0.35 1.86 
Total 100.10 99.96 100.29 100.42 100.15 100.03 
A nepheline syenite (Le Maitre 1976) nepheline-corunetum-albite-muscovite gneiss, Blue Mountain, 
B phonolite (Le Maitre 1976) Canada (Currie 1978) 
C = syenite (Le Maitre 1976) J = nepheline syenite gneiss, Blue Mountain, Canada (Currie 1978) 
0 = trachyte (Le Maitre 1976) K = orthoclasite, Kenya (Le Bas 1977) 
E basanite (Le Maitre 1976) L orthoclasite, Kenya (Le Bas 1977) 
F nepheline basalt (le Maitre 1976) M = feldspathic ijolite, Kenya (Le Bas 1977) 
G = nephelinite (Le Maitre 1976) N = nepheline syenite, Kenya (Le Bas 1977) 
H = tephrite (Le Maitre 1976) 
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irrlicated for the biotite-rich dykes. It is noted that high m::xlal 
calcite in B230 results in this semple plottin:;J in the metaluminous 
field; in fact secorrlary calcite is a feature of many of the Bulls Run 
syenites an::} has caused displacement towards the ca.-apex of the Bonin 
diagram. 
'!he classification of the majority of BRC syenites as peraluminous to 
metaltnninous is carmnensurate with their nonnative character (Table 
3.7) • Both CIPW noms an::} mesononns deIronstrate that the 
biotite-muscovite syenites are corun:ium-nonnative, the nep,.eline an::} 
albite syenites are either corurrlurn or diopside nonnative an::} the 
microsyenites are slightly aanite-nonnative. As the microsyenites are 
only mildly peralkaline (P. 1. <1. 07) ani do not contain agpaitic minerals 
such as eudialyte they should be classified as peralkaline, not agpaitic 
(Edgar 1977, Gittins 1979). 
NozO .KrO 
CoO 
, AltO, , , , , , , , , , , , 
CoO 
50 60 70 
Figure 3.16. ~urnina saturation. relative to Na20 + K20 ani ca.o (nol. props), diagram after Bomn (1986) . '!he syenites are 
predominantly metaltnninous to peraluminous, with three microsyenite dyke 
samples cl~ified as peralkaline. '!he biotite-rich lamprqilyric rocks 
are metalununous. Symbols: (0) biotite-muscovite syenite (0 ) 
nepheline syenitejijolite from the eastern BRC, (e) nepheline ~enite 
from the central an::} western BRC, (+) albite syenite (x) microsyenite 
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Figure 3.17. Alumina saturation relative to alkalis, and Na20jK20 
ratios for the Bulls Run lithologies. Symbols as in Fig. 3.16. 
Fig. 3.17a. Classification of the Bulls Run syenites as 
miaskites, as a result of their high alumina contents relative to 
alkalis. Diagram after Illrie (1985). 
Fig. 3.17b. Discrimination of the Bulls Run lithologies usin;] 
Na20 jK20 ratios. 'Ihe shaded area embraces nepheline-bearin;] 




Alkalinity vs silica diagram after Wright (1969), 
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Figure 3.18. Classification of the BRC microsyenite dykes as 
~tic trachyte, using normative quartz versus total normative 
femics. Diagram devised for the classification of silica-saturated 
peralkaline extrusive rocks by MacDorrlald & Bailey (1973). SymOOls as 
in Fig. 3.16. 
Although allocation of K+ to biotite reduces orthoclase in the 
mesonorm relative to the CTIW-norm values, this effect is not 
significant for the ~eline-bearing syenites (Table 3.7). Ha..>ever, a 
noticeable difference between the two nonns is ~ent for the 
micaceous lithologies such as the biotite-muscovite syenite arrl 
biotite-rich dykes, where formation of mesonormative biotite results in 
excess Si02 arrl silica-oversaturated .nonns. 
'!he alumina-rich character of the majority of BUlls Run, sarrples results . 
in their classification as miaskites (Fig. 3 . 17a) . 
3.4.4 Alkalinity 
By definition, the Bulls Run syenites are alkaline as they have elevated 
alkalis relative to silica, m::x:lal arrl/or normative feldspathoids am 
alkali pyroxenes or all'I{Xriboles (Sorensen 1974, 0.l.rrie 1976a). with 
respect to alkalis, Na20/K2o ratios raIXJe from high values in the 
albite syenite arrl microsyenite (Na2o/K2o: 1.5 to 2.5), to 
relatively Na-depleted ~eline syenites in the western am central 
parts of the BRC (Na2o/K2o: o. 7 to 1. 5, Fig. 3 . 17b) . '!he 
biotite-nruscovite syenites display a wide variation in this ratio rut, 
generally, are K-rich (Na2o/K2o: 0.5 to 1.5) arrl have la..>er total 
alkalis than the nepheline syenites (Fig. 3.17b). 
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3.4.5 IlBjLee of peralkalinity 
As described above (Section 3.4.3) the BRC microsyenite dykes are very 
mildly peralkaline (P.I.<1.07) am, aexx>rd:in:J to nonnative mineral 
constituents, classify as carerx:litic trachyte (Fig. 3.18). 
3.4.6 HaIEIJcl.abJm derived usin} geocttemical paLdIEter:s 
For c:::c:ItpU"ison with modally-derived terminology for the Bulls Run 
lithologies, several geochemical classifications have been used. 
(i) '.DJe R1-R2 c:li.agraIl: As illustrated (Fig. 3 • 19a) , the ~line 
syenites am albite syenites classify as ~line syenite, the 
majority of biotite-nuscovite syenites plot alcnJ the nep,.eline 
syenite/syenite bourrlary am the microsyenites classify as 
syenite am quartz syenite. '!he three sanples of biotite-rich 
dyke plot as nep,.eline syenite am essexite. 
(ii) lblaative classifi.c:at.ial: A similar nanenclature to the Rl-R2 
classification is irxticated when the IreSOnonnative data are 
plotted (Fig. 3. 19b) . '!hus, the ~line syenites am albite 
syenites fran the central am western portion of the BRC classify 
as feldspathoidal syenite, in contrast to the feldspathic ijolite 
am nep,.eline syenite lithologies fran the eastern extremity of 
the BRC which classify as feldspathoidal IlDnZosyenite. '!he 
microsyenite dykes am biotite-muscovite syenite plot as 
silica-oversaturated alkali-feldspar syenite am quartz 
alkali-feldspar syenite. As recxmnerxied try streckeisen & I.e 
Maitre (1979), the biotite-rich dykes were not plotted on Figure 
3 • 19b, due to potential errors in the distril:ution of nonnative 
feldspar am foid llX)lecules in mafic minerals such as biotite, 
which can be significant within rocks of high colour irrlex. 
(iii) Cartx:natite c1assificaticn: When plotted on the triangular 
cao-M3O-(FeO+F~03-fMrj) diagram of Woolley (1982), the Bulls 
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Figure 3.19. Classification of BRC lithologies accordin:J to their 
rnajor-elezoont an::i nonnative characteristics. Symbols as in Figure 3.16. 
Fig. 3.19a. Classification of the BRC syenites an::i lanprophyric 
rocks, usirx] the Rl-R2 multicationic system devised by de la 
Roche et al. (1980). 
Fig. 3.19b. Nonnative classification of the BRC syenites, based 













Figure 3.20. Classification of the BRC caroomtites us~ the 
triar¥JUl.ar ca~(FeO+-F~03-tMn) diagram of WOOlley (1982). 
caroomtites shOY1l1 as filled circles. 
3.4.7 Ba1:ker dia:Jl:dRi 
Plottirq of selected najor- arrl trace-element data fran the Bulls Run 
Cctnplex on Harker diagrams (Figs 3.21 arrl 3.22) irrlicates the foll~ 
trerrls: 
(i) Si02 contents are birrOOally distrib.rt:.ed, with the l:ulk of 
ana.lyses between 45 arrl 60% Si02 , separated by a 5% gap fran a 
small cluster of ana.lyses at 65 to 70% Si02. The ijolitic 
litholcX]'ies arrl the biotite-rich dykes, have the lCMeSt Si02 
contents (45 to 52%). Netneline arrl albite syenites fran the 
central arrl western core of the BRC are essentially Iilonolitic, 
with restricted Si02 values of between 52 arrl 60%. The 
trachytic microsyenite dykes are characterised by elevated Si02 
values, between 65 arrl 70%, arrl separated by a praninent gap fran 
the other lithologies in the c:::arplex. The biotite-muscovite 
syenite samples have highly variable Si02 values, largely 
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Figure 3.21. Bulls Run rnajor-eleme.nt data plotted on Harker variation 
diagrams. Major-eleme.nt oxides in %. symbols: (0) biotite-muscovite 
syenite, (0) nepheline syenite/ijolite from the eastern BRe, (e) 
nepheline syenite from the central arrl western BRC, (+ ) albite syenite, 
(x ) microsyenite, (A) biotite-rich lamprophyric rocks. '!he carlxmatites 
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Figure 3.22. Selected Bulls Run trace-element data (~) plotted on 
Harker variation diagrams. Zr is plotted against ooth Si02 ani PI 
(peralkalinity irrlex). Symbols as in Fig. 3.21. 
(ii) Al203 contents terri to increase syrrpathetically with Si02 
fran the biotite-rich dykes (c. 18% Al203) ani ijolites 
thra.lgh to the 11efheline ani. albite syenites (c.21% Al203) . 
A marked inflexion in this tren::i occurs between 60% ani 65% 
Si02 , when 
microsyenites . 
Al203 contents decrease to c.17% in the 
As a group, the biotite-nruscovite syenites are 
enriched in Al203 relative to all other lithologies in the 
BRC, corrooorating their corurrlum-nonnative character. 
(iii) Ti02' FeO, M;}O, Cao are negatively correlated with Si02 , 
althcugh the microsyenites are relatively enriched in Cao ani M:jO 
for their silica contents. 
(iv) Several tren::is are apparent for Na20 ani K20. Firstly, the 
ijolites ani microsyenites are depleted in K20 relative to 
Na20 ani display no obvious correlation of alkalis with 




correlation between K20 aId Si02, aId positive variation of 
Na20 with Si02. Hence, K20/Na20 ratios probably decreased 
with increasin;J fractionation of the ];ilonolitic syenites, fran 
~line syenite through to albite syenite. 
'!he ijolites, ne{ileline syenites aId albite syenites have the 
highest total-alkali contents (Na2OtK20: 12 to 16%), with 
the biotite-llUlSCOVite syenites contai.nirg between 9 aId 12% 
Na2OtK20. Whereas nepteline-bearin;J rocks display only a 
minor increase in total alkalis with Si02 , the alkali contents 
of the llUlSCOVite-bearin;J syenites correlate positively with 
Si02• 
(v) with respect to i.nc::arpatible trace eletOOl'lts such as Zr aId Nb 
there is a negative trerxi between 45% aId 57% Si02• HoVlever, a 
marked inflexion c:x:nIrS between 57% aId 59% Si02 Where Zr 
increases rapidly, against a backgrourxi of c. 200 WIt in 
ne{ileline syenite, to a peak of c. 2300 WIt within albite 
syenite. '!his suggests that Zr (aId Nb) were corx:::entrated in 
differentiated liquids, towards the last stages of 
crystallization of the BRC Iilonolitic albite syenites. Silnilar 
concentration effects have been documented in differentiated 
Iilonolitic suites 
petrograr.hlc data 
(Marsh 1987). '!his is in agreement with the 
(Section 3.3.4) that irxticate late-stage 
volatile-rich deuteric alteration related to zircon/pyrochlore 
mineralization in the albite syenite. 
(vi) Sr aId the REEls (Ce+Nd+Ia) are negatively correlated with silica 
aId do not follow the enridunent trerxi displayed l:7y Zr aId Nb. 
HoVlever, their silnilarity to the cao pattern irxticates hostin;J l:7y 
calcite aId possibly apatite aId, therefore, depletion in the 
m:>re differentiated, silica-rich syenites. '!his is reinforced l:7y 
REE enridunent in the IOOst cae-rich rocks in the BRe, viz. 
carbonatites (Table 3.5). 
3.4.8 K.p fract:.i.maticn in IiDDlites 
As noted l:7y Marsh (1987), the concentration of K20 terxis to decrease 
with fractional crystallization in };tlonolitic liquids, a };tlenc:menon 
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Figure 3.23. Selected rnajor- arrl trace-element data fram BRC 
phonolitic syenites plotted against K20, for c:orrparison with the field 
of KlID;Jhardt phonolites from Marsh (1987) . Symbols: (. ) 
biotite-neIileline syenite from central arrl western BRC, (+) albite 
syenite. 
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described as the "orthoclase effect". In order to test for this effect 
in Bulls Run Fhonolitic syenites, selected major-element oxides am 
trace elem:mts have been plotted against K20 (Fig. 3.23) • '!hese 
irrlicate that: 
(i) ~O exhibits a negative correlation with Si02, Na20, Nb am 
zr, similar to the trend displayed l:1y the Klin]hardt Fhonolites. 
(ii) F~03 is positively correlated with K20, whereas Al203 
am cao do not appear to CXJVarY with K20. 
By analogy with the data fran the KlirxJhardt l>b.mtains, the above trends 
irrlicate that the siliceous, Na2o-rich, albite syenites are 
differentiates of the neFheline syenite. '!hus the observed 
CCIllXlSitional am textural variations, fran neFheline syenite to albite 
syenite, are consistent with early fractional crystallisation of 
neFheline am microcline. '!his accunulated as medium- to coarse-grained 
neFheline syenite am resulted in concentration of Na, Si, Nb, zr am 
volatiles in the residual liquid which, sul:sequently, crystallised to 
fonn albite syenite. 
3.4.9 liD"letihle elements am peralkalinity 
A plot of zr against the peralkinity Wex (P. 1.) in Figure 3.22 reveals 
that the greatest concentrations of zr are in rocks with peralkalinity 
irrlices of between 0.85 am 0.95 am that zr tends to increase during 
fractionation in conjunction with increasing P. I. However, the 
mildly-peralkaline silica-oversaturated microsyenite dykes (P. 1. >1. 0) 
have the lowest zr contents of any of the BRC lithologies, apart fran 
the carbonatites. '!his feature is atypical, as peralkaline rocks are 
normally enriched in incx::tnpatibles such as zr (Watson 1971). As noted 
previously, the microsyenites do not awear to be linked directly to the 
ijolite/Fhonolitic syenite fractionation trend (eg. Al203 am Si02 
c:arpositional gaps). Derivation of the microsyenitel:1y a process other 
than crystallization of Fhonolitic magma is irrlicated am is referred 
to later in the discussion on fenitization processes (section 3.6.4). 
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3.4.10 Rare earth el AIIf!IIt:s 
'!he analysis of 23 BRC whole-rock sanples for REE's inlicates that, 
although total REE oontents are variable between different litholCX]ies, 
the overall pattern is one of IREE enridunent relative to HREE. '!his 
general HREE-depletion, coupled with a lack of Ell depletion, is typical 
for alkaline syenites am carbonatites (CUllers & Graf 1984). It is 
noted that for each rock type, total REE's increase with decreasirg 
Si02 (increasirg mafic character), ooncanitant with REE ooncentration in 
mafic minerals as well as calcite am apatite. '!he various BRC 
litholCX]ies display the followirg REE dlaracteristics (Figs 3.24, 2.25): 
(i) '!he biotite-nuscovite syenites are sul:xli vided into two varieties, 
nanely pink syenite fran the western part of the ccttplex am an 
off-white variety fran the eastern outcr:qls (Section 3.3.2). 
'!hus, as shown in Figure 3.24a, the western syenites have 
positive Ell ananalies (Ell/Ell*: 1.17 to 1.65), are IREE-enriched 
(l.arf/~: 13.69 to 28.30) am contain lower total REE (Ia: 20 
to 100 x chomrite) than eastern syenites. In oontrast, the three 
eastern syenites have very slight negative Ell ananalies (Ell/Ell*: 
0.85 to 0.95), steeper IREE-enriched patterns (l.arf/~: 8.67 
to 18.69) am are enriched both in total REE (Ia: 50 to 200 x 
chomrite) am HREE relative to the western types. '!he 
difference between HREE oontents in the two syenites is 
highlighted when B179 is normalised against B34 (Fig. 3. 24a) • 
As described above (Section 3.3.6) carbonatite dykes are 
spatially associated with biotite-nuscovite syenite. '!herefore a 
catparison has been drawn, by normalisirg a carbonatite fran the 
western part of the BRC against both syenite types (Fig. 3.24a). 
Carbonatite B229 is clearly IOOre like B34 (eg. HREE-depleted) 
than B179 , which supports a genetic relationship between 
carbonatite B229 am syenite B34. 
(ii) '!he feldspathic ijolite is enriched in total REE relative to the 
P1onolitic ~eline syenites fran the central am western parts 
of the cc.Il'plex (Fig. 3. 24b) . Apart fran this difference the 
overall patterns are siJnilar, stroRJly IREE-enriched 
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(~/~: 9.31 to 39.65) and with positive Eu anomalies 
(Eu/Eu*: 1.05 to 2.75). 
Sanple B41, which is a leucocratic ~line syenite with 'very 
low total REE, has a pronounced positive Eu anomaly s:ilni.lar to 
biotite-muscovite syenite B54. As both B54 and B41 are 
leucocratic, with very little apatite or calcite that normally 
would carry REE, it is likely that biotite contains IOOSt of the 
REE in these rocks and will therefore significantly influence the 
REE patterns. '!bus it is suggested that the positive Eu anomaly 
results fran selective concentration of Eu in biotite, as 
described fran the Oka Carbonatite Ccrtplex (Eby 1975) . 
(iii) '!be albite syenite is subdivided into two types (Section 3.3.4). 
'!be predaninant type is light grey, albite-rich, contains c.400 
IPl'l Nb and 1000 IPl'l Zr and shows unusual IREEHiepleted 
(~/~: 2.56 to 3.67; Ia: c. 20 x chorrlrite) "birdwiDJ" 
patterns (Fig. 3.24c) that are characterised l:rj negative Eu 
anomalies (Eu/Eu*: 0.62 to 0.93) • 
'!be secorrl, less CClllm::>n type of albite syenite is off- white and 
contains approximately equal annmts of albite and microcline, 
with significant rrodal zircon, pyrochlore and altered J1e!i1eline. 
Inc:c:l'rpatible trace element concentrations reflect this rrodal 
assemblage, with up to 2129 IPl'l Zr and 16553 IPl'l Nb. 'lbtal REE 
are higher than for the grey albite syenite, due to an increase 
in light and middle REE (IaN/~: 7.85 to 61. 0; Ia: 70 to 500 
x chorrlrite), with Eu substantially increased to fonn a mild 
positive anomaly (Eu/Eu*: 1.05 to 1.08). 
'!be two different patterns described are irrlicati ve of 
fluid/volatile transport of !.REE, possibly acoc:xrpanied l:rj removal 
of Na. '!be low total REE in albite syenite is rather surprisiDJ, 
consideriDJ the presence of rrodal pyrochlore and zircon that 
might be expected to preferentially ac:x:::aoodate REE. 'Ibis anamaly 
may be ascribed to the extreme llDbility of REE in (X)2-rich 
volatile Iilases (Werrllarrlt & Harrison 1979, CUllers & Graf 1984), 
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that was rem:wed as an inmiscible Plase fran the albite syenite. 
'!his suggestion is canpatible with the low ~ of both 
IOOdaI calcite am apatite in the albite syenite, irrlicatirg 
rertXlVal of these ~ am REE after crystallisation of 
pyrochlore. 
(iv) '!he carbonatites have the highest REE ~ of all the BRC 
sanples (Ia: 1000 x chorrlrite) am are IREE-enriched 
(~/~: 19.07 to 37.79), with slight positive Ell ananalies 
(Ell/Ell*: 1.03 to 1.07) (Fig. 3.25a). A general decrease in total 
REE is ~ent, fran the brown Fe-rich carbonatite (B46) east of 
Goedertrou Dam, through to B229 which is an off-white, 
apatite-rich, carbonatite intruded west of the Mhlatuze River. 
In addition to this trerrl, there is variation in IREE/HREE ratios 
where the apatite-rich carbonatite is enriched in IREE 
(~/~ = 37.79) canpared with, for exanple, B62 
(~/~ = 19.07). '!his variation is shown grapucally in 
Fig. 3.25d l:7y plottirg nonnalised B229/B62 ratios; B229 is 
enriched in IREE l:7y a factor of 1.5x, rut contains only about 
half the HREE of B62. 
(v) REE data for the biotite-rich dykes are presented in Fig. 3.25e 
am show patterns of ah;olute-REE ~ very silnilar to 
those of the BRC ijolites, viz. IREE enrichment (~/~: 
16.59 to 27.65) am virtually no inflexion at Ell (Ell/Ell*: 1.01 to 
1.06) • A Karoo nernelinite is included for canparison with the 
REE trerrls exhibited by the biotite-rich dykes. '!he carbonatites 
B62 am B46, although enriched in total REE relative to the 
biotite-rich dykes, have the same range of IREE/HREE ratios, 
irrlicatirg a genetic relationship between the two. 
(vi) '!he microsyenite dykes are IREE-enriched (~/~: 23.20 to 
59.7) am marked l:7y slight negative Ell ananalies (Ell/Ell*: 0.82 to 
0.89) • Total-REE oontents are silnilar to those of the 
biotite-rich dykes (Ia: 70 to 160 x chomrite) • 
3.4.11 Nb/Y rat:i.cs 
constant ratios of i.nc:x:ITpatible elements such as Nb am Y are generally 
oonsidered to irrlicate a canagmatic origin for different Ji1ases within 
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an intrusion (Nicholls 1988). When the BRC data are plotted on Figure 
3.26 a wide scatter of Nb/Y ratios is apparent, suggesting that the 
various rcx::k-types are not genetically related. Closer evaluation of 
Figure 3.26 shows however that the nepheline syenites, ijolites, 
biotite-rich dykes and biotite-muscovite syenites exhibit relatively 
well constrained ratios between 10 and 100. Lithologies that diverge 
from this cluster include albite syenite, microsyenite and 
carbonatite. SUch dispersion is suggested to be due to partitioning of 
elerrents between immiscible carbonate and silicate liquids (eg. CUllers 
& Medaris 1977, wendlandt & Harrison 1979) or CO2 metasomatic 
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Figure 3.26. Plot of Nb vs Y for all the Bulls Run lithologies. 
Syrnbol~:. (0) bio~ite-~vite syenite, (.) ijolite/nepheline syenite, 
(? ) . blot:-te-nephelme syem te, ( + ) albite syenite, (x) microsyenite, (6) 
blotlte-rlch dykes. 
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3.5 :Rb-Sr isotqJes 
3.5.1 Inu.dncticn 
'!he first isotopic data published for granitoids fran the Tugela Terrane 
of the NMP were by Nicolaysen & Burger (1965). 'lhese inticated a U/Pb 
isotopic age of 1140 ±35Ma for a zircon fran syenitic gneisses on Bulls 
Run Estate, although the exact locality am CClIp:lSition of the host 
syenite is \ll'lknown. '!he present investigation is aimed at elucidatirg 
the origin of the BRC syenites, particularly with regard to initial 
isotopic c:arposition of the prilllary magma. As the biotite-nuscovite 
syenite is interpreted as a fenite, am the albite syenite shov./S 
considerable evidence of late-magmatic fluid activity, the llelileline 
syenites were deemed lOClSt suitable for this exercise. Consequently, 
four sanples of ijolitic llelileline syenite am seven of 
biotite-llelileline syenite fran the eastern am central parts of the 
c::atplex (Fig. 3.27a for locality), respectively, were analysed followirg 
the procedures outlined in Appen:lix 2. 
3.5.2 Analytical results 
'!he data fran the four samples of ijolitic l1eIbeline syenite regress to 
an iscx::hron date of 1112 ± 133 Ma with an % of 0.7033 ± 6 (MSWD = 
0.2, Fig. 3.27b). '!he seven samples of biotite-l1eIbeline syenite 
provide a statistically-identical result of 1101 ± 58 Ma am % of 
0.7035 ± 4 (MSWD = 1.8). Regression of the cunbined data provides an 
iscx::hron date of 1138 ± 45 Ma am % of 0.70322 ± 25 (MSWD = 1.6). 
'Ibis result is within error of the 207pb/2°Gpb lOOdel date of 1140 ± 
35 Ma rep:>rted by Nicolaysen & Burger (1965). Four cartonate separates 
fran carbonatite dykes intrusive into the nuscovite syenites of the 
c::atplex provide an average Re of 0.70319 ± 15 (ass\.ll1\irg the above date), 
identical to that obtained for the l1eIbeline syenites. 
3.5.3 Discnssiat of Rb-Sr data 
'!he age obtained for the Bulls Run syenites (1138 ± 45 Ma) is similar to 
that obtained for the TUgela Rarxl layered SUite (1189 ± 11 Ma, Wilson 
1990) am the Tuma anpribolites (1242 ± 23 Ma, Harmer 1979). '!he low 
initial ratios inticated by the llelileline syenites (Re = 0.70322) am 
the cartonate separates fran the cartonatites (Re = 0.70319) are 















DATE = 1138~45 Mo 
R 0 = 0,7032! 2 
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F:igure 3.27. Locality of the netbeline syenite samples analysed for 
Rb-Sr isotopes (Fig. 3. 27a). '!he resulting Rb-Sr iSOC'bron is given as 
Fig. 3.27b, in which the open circles are ijolitic nepheline syenite 
(eastern BRC) and. the closed circles are biotite-nepheline syenite 
(western and. central BRC) . 
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ratios (0.703 to 0.704) are characteristic of nest neJ;tleline syenites 
YJOrld-wide (Table 3.11) am are taken to irrlicate a mantle origin. 
Table 3.9 
Rb-Sr isotope data for Bulls Run neJ;tleline syenites 
San'ple Rb IPll Sr IPll 87Rb/86Sr 87Sr/86Sr 
Ijolitic neJ;tleline syenite 
B66 219 1767 0.359 0.708988 ± 13 
BaO 199 2065 0.279 0.707656 ± 12 
Ba2 241 2811 0.248 0.707246 ± 10 
B212 166 1266 0.380 0.709323 ± 23 
Biotite-nepheline syenite 
B23 206 1560 0.382 0.709461 ± 11 
B42 172 1523 0.327 0.708810 ± 12 
Ba6 210 1327 0.458 0.710809 ± 12 
B100 222 1231 0.521 0.711901 ± 13 
B222 215 1298 0.478 0.710931 ± 10 
B44 242 1996 0.351 0.716912 ± 12 · 
B238 226 764 0.855 0.716912 ± 10 
Note: Rb am Sr concentrations am Rb/Sr by XRF. 
-118-
Table 3.10 
Rb-Sr isotope data for Bulls Run carlx>natites 
carbonate fraction 
ISaIrple Rb IPll Sr IPll 
87Rb/86Sr 87Sr/86Sr 
I 
1B46c 9.04 8472 0.003 0.70325 ± 7 
1B60c 2.33 9172 0.0007 0.70318 ± 6 
1B62C 3.00 9336 0.0009 0.70298 ± 5 
IB229C 3.98 6067 0.002 0.70338 ± 5 
I 
I Rb arrl Sr concentrations arrl Rb/Sr by isotope dilution. 
Table 3.11 
I catparati ve ages arrl initial Sr ratios fran other J'leIileline 
I syenites reported in the literature. 
I 
I Locality Rock type h:}e (Ma) 87Sr/86Sr 
I 
I~t Royal, Quebec NetX1eline syenite 118 0.7038 
ITadhak, Mali NetX1eline syenite 262 0.7045 
100lo Rift, No:rway Nordmarkite 278 0.7042 
I Nunarssit, Greenlarrl NetX1eline syenite 1154 0.7043 
I Gronnenjal, Greenlarrl NetX1eline syenite 1327 0.7032 
I 
IBulls Run* NetX1eline syenite 1133 
IBulls Run Nepheline syenite 1138 0.7032 
I 
I Note: Data for other alkaline occurrences fran Blaxlarrl et al. 
1(1978); ElJy (1984): Liegeois et al. (1983); Taylor et al. 
1(1980). Bulls Run* fran Nicolaysen & Burger (1965). 
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3.6 Feni:tes ani 1..aDprqilyres: disoJSSicn wih refeu!I&2 to the JR:: 
'!he Bulls Run Cooplex c::anprises a variety of alkaline lithologies, for 
sane of v.hidl direct analogues are not frequently described in the 
literature. '!his situation awlies particularly to unusual rocks like 
the nuscovite-bearirg syenites am the biotite-rich dykes. 'lherefore, 
in view of the earlier suggestion that the fonner are almninous fenites 
am that the latter have lanprqilyric affinities, a review of fenites 
am lanprqilyres is warranted for catparison with the Bulls Run 
occurrences . 
3.6.1 Cblract:erist.i of fenites 
Alkali-metasanatism (fenitisation) of coontry rocks is characteristic of 
carbonatite/nerneline syenite intrusions. Although Von Eckermann (1948) 
originally excluded renx>bilised altered rocks fran his ooncept, Ie Bas 
(1987, p.74) noted that the "products of fenitisation are 
mineralogically syenitic, with the result that they are sanetiInes 
misidentified as igneous syenites" . 'lhus rh.ec:m:>rpuc fenites are 
in:tistin;;Juishable fran nomal alkaline magmatic rocks. 
Von Eckermann (1948) related fenitisation to metasanatism l:7j alkaline 
am 002-ridl fluids v.hidl, due to silica deficiency, ten:led to react 
with am al::sorb quartz in the coontry rock. In the classic fenite, 
therefore, quartz is replaced by sodic Fe-ridl anpribole am/or 
pyroxene. Excess silica fran this reaction goes into solution am may 
cause albitisation (Verwoerd 1967). As the fenitisirg process 
continues, 
altnnina. 
biotite may react to form aegirine, thus releasirg silica am 
At a late stage in the evolution of the fenite, when the 
metasanatisirg liquid is no longer deficient in silica am altnnina, 
Verwoerd (op cit., p.333) notes that "feldspathisation", ie. growth of 
K-feldspar, can occur. 
'!he qlpOSite situation to the above is discussed l:7j Verwoerd, who noted 
that at Fen the sequence of dissolution is reversed, am that the order 
of replacement is biotite - feldspar - quartz. '!his order was ascribed 
to fenitisirg fluids depleted in Fe v.hidl "could not form aegirine by 
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the replacement of quartz" (Ve.n.JOerd 1967, p.334). 'Iherefore this 
situation suc;Rests that a fenite need not always carry sodic mafic 
minerals. 
since calcite an:i apatite are accessory constituents in many fenites 
(Ve.n.JOerd 1967), their presence provides a link between fenitised rocks 
an:i the fluids expected to emanate fran a 002- an:i P205-ridl 
carbonatite source. 
I.e BaS (1977 1987) viewed fenitisation as a nultiple process, involving 
variables sudl as the dlemistry of the original magma, the cctUlxJSition 
of the country rock, an:i the type of fluids leaving the magma. 
'1herefore, he distinguished between sodic fenites associated with 
ijolite intrusion an:i potassic fenites generated by carbonatites. with 
respect to carbonatites, in general, I.e Bas (1977) noted that only 
sOvites an:i dolanitic types cause fenitisation an:i that the IOClSt 
potassic fenites (often alroost p.rre K-feldspar rock) form aroum the 
tqJoost parts of sOvite intrusions. '!he process of potash metasanatism 
occurs ahead of the advancing sOvite whidl sul:JSequently brecciates an:i 
intrudes its own fenites. '!herefore an intrusive sOvite \oJO\.lld be 
expected to contain xenoliths of earlier fenite. 
'!hat fenites fonood at depth are sodic an:i albite-ridl, is irrlicated by 
albitite xenoliths in carbonatites with K-ridl fenites exposed at the 
surface (viz. Nyamaji-Wasaki, Kenya: I.e Bas 1987). A si1nilar zonation of 
fenites aroum the Novopoltavskoye carbonatite in the USSR has been 
described by I.e Bas (op cit.), with albitic fenites enveloped by , 
microcline-ridl fenites. '!he feldspars in albitites developed arC>l.mi 
sOvite are alroost p.rre albite (Abgo) an:i orthoclase (Or85), carpared 
with feldspars fran fenites surrOU1'rling ijolites, whidl have 
intenoodiate campositions (Ab60- 40; Or40- 60). I.e Bas (1987) relates 
these differences in feldspar camposition to the low tenperature of 
fenitisation aroum carbonatite «550 °C), carpared with high 
tenperature silicate-related fenitisation of lOOre than 700 °C. 
In addition to the above ol:JServations on fenitisation, I.e Bas (1977) 
reported intrusive tradlyte veins associated with feldspathisation 
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ac::x:arpmying sOvite intrusives in Kenya am U:Jarrla. '!hese trachytes 
TNere not considered to be rhecm>rpric fenites, l::ut rather to have fonned 
by the crystallisation of fenitising fluids alan:} fractures in rocks 
arourrl the alkaline intrusions. '!his develqm:mt suc;:gests that, 
ultimately, fenitisation can produce silica-saturated am even silica-
oversaturated rocks. 
Another unusual feature of fenites, am one that has not often been 
dcx:::lnnented, is the fonnation of aluminous minerals, viz. IlllSCOVite am 
corurrlum, where pelitic CO\.mtry rocks have suppressed the fonnation of 
sadic (alumina-urrlersaturated) minerals such as aegirine am riebeckite 
(Rock 1976). 
3.6.2 Biotit:e-.Jsccvite syenite - p:ucb:t of fenit:i.sat.lln? 
As described previously (section 3.3.6) the s5vites in the BRC are 
intruded exclusively into biotite-muscovite syenite. '!his suggests a 
genetic relationship, whereby potassic fenitisation of orthoclasite-type 
has produced K-rich minerals such as nuscovite in pelitic CO\.mtry 
rocks. 
3.6.3 Albite syenite - p:ucb:t of fenit:i.sat.lln? 
An interesting ccanparison can be drawn with the discussion on fenites 
earlier in this chapter, where albitites form fenites a.ram:i s5vite 
intrusions. Fran this it is apparent that zonation, fran an albite-rich 
core through to microcline-rich periI=heral rocks, may cx::cur (I.e Bas 
1987). '!his situation is remarkably silnilar to that encountered in the 
BRC, where albite syenite is surrourrled by microcline-rich rteIDeline 
syenite. It suggests that the albite syenites may represent rhearoqirlc 
fenites. 
3.6.4 Mi.crosyarlte - p:ucb:t of fenit:i.sat.lln? 
By analogy with the developnent of trachytes described by I.e Bas (1977), 
the suggestion is made that perhaps the late-stage, silica-saturated, 
microsyenite dykes within the BRC have a silnilar origin. '!his 
contention would support the silica gap separating the microsyenites 
fran the remairrler of the lithologies, as well as explai.n.i.rg their 
ananalously low incanpatible-element contents. 
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3.6.5 Qlaracterist.:i of l.aqJl'qilyres 
Fran the mineralogy am geochemistry of the biotite-rich dykes it is 
deduced that they are hydrous, alkaline, C02- am P20S-ridl rock 
types. In view of these features, am their glist:enirg awearance in 
the field, it is temptirg to classify them as lanp:rqilyres or 
glilrmerites (cf. Boer et al. 1990). Fran a review of the voluminous 
literature on the subject of lanprqilyre classification (Rock 1979 1987 
1991), the followirg points emerge: 
(i) '!he name lanprOIilyre derives fran the Greek "lanpros, poqilyros" 
whidl means "glist:enirg poqilyry". Texturally, lanprqilyres are 
generally poqilyritic, without feldspar Plenocrysts, although 
this criterion is not rated as inportantly as the mineral 
assemblage (Rock 1987). 
(ii) Mineral assemblages includes anpribole, biotite/PllCXJopite, am 
other minerals ridl in F, CO2 am H20. Rock (1987) notes 
that, in lanprOIilyres, ~-ridl mafic minerals CXJeXi.st with alkali 
feldspar am that low-M:] oli vines am II'Il.lSCXWi te are al::sent. 
(iii) M:>nanineralic felsic glorular stnlctures are characteristic am 
may either be microscx:>pic ocelli or macroscx:>pic ovoids am 
schlieren. Essentially these glorules are haoogeneous am may 
contain a wide range of minerals, includirg alkali feldspar, 
calcite, feldspathoid, biotite am apatite. 
(i v) l..aIIprqi1yres are restricted to outcrops of less than a few square 
kilanetres am generally form dykes, sills, plugs am diatremes. 
(v) '!he whole-rock dlemistry of lanprqilyres is highly variable, fran 
calc-alkaline through alkaline, to ultramafic am lanproitic. 
For given Si02 contents, high levels of H20, CO2, alkalis, 
Sr, '!h, Ba am IREE are dlaracteristic (Rock 1987 1991). 
(vi) Hypabyssal intrusives satisfyirg the above corrlitions are 
restricted to several well-defined associations, with alkaline 
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lanprqilyres characteristic of carbonatite/ syenite c:x::nplexes, as 
well as occurrirg in regional dyke swanns unrelated to central 
magmatism. 
Acc::ordin;J to Rock (in litt., January 1989), the mineralogy am 
gecx::hemistry of the Bulls Run biotite-rich dykes suc;Rests "lanprqilyric 
affinities" am, if " •.. the mineralogy represents the igneous 
mineralogy , 
lanprqilyre) , 
then the correct name 'NOUld be sannaite (alkaline 
on the reccmnerrled streckeisen tenninology". Rock states 
that " •.. either the characteristic textures or the chemistry are 
preserved as far as lower anpribolite facies, 1:ut rarely both". He does 
note, however, note that " ... relict textural features such as glo1::ular 
structures (felsic patches) ..... are often beautifully preserved". 
Fran the above observations it seems highly probable, on the basis of 
mineralogy, gecx::hemistry, presence of felsic glo1::ules, form of intrusion 
am asscx:::iated alkaline rcx::ks, that the mafic dykes of the BRC are 
metam:>qtlosed alkaline lamprqilyres. 
3.7 'l'ectaD-tDaf:JRtic d.i.scriminat.: 
NeIi1eline-syenite/carbonatite ccrnplexes are generally considered to be 
restricted to regions of intra-continental riftirg (Bailey 1964, 
Middlerrw;::st 1974, I.e Bas 1987) • '!he CCIlI1'On asscx:::iation of 
carbonatite/alkaline magmatism with continental rift zones has led to 
the suggestion that such magmatism is an integral part of rift formation 
am developtvant (Saggerson 1970, Middlerrw;::st 1974). With regard to the 
tectonic settirg of carbonatite magmatism, it is noted that carbonatites 
are also recorded fran within-plate oceanic islams such as cape Verde, 
as well as in asscx:::iation with high-K shoshonites along 
tectonically-active continental margins (Middlerrw;::st 1985, I.e Bas 1987, 
Woolley 1989). However, these latter settings are c:::atpara.tively rare 
(I.e Bas op cit.) . 
'!he well-constrained tectonic settirg irrlicated by the I1eIi1eline-
syenite/carbonatite association has, in ccrnparison with the voluminous 
literature generated conc::erninJ granite tectonic settirg, resulted in a 
dearth of tectonic-discrimination diagrams. One diagram that is 
available is specifically for potassic rcx::ks with less than 60% Si0
2 
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('Ihc::xtp;en & FCMler 1986). 'Ihus, four potassic syenites arrl the three 
samples of biotite-rich alkaline larnprq;ilyre fram Bulls Run have been 
classified accordinJly arrl, although their Zr contents are relatively 
lCM c:x:It'parE!d with the defined fields, Nb values are sufficiently 
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Figure 3.28. Tectonic classification of potassic BRC syenites arrl 
biotite-rich larnprq;ilyric dykes, after 'Ihc::xtp;en & FCMler (1986). 
3.7.1 Tectari.c disc:rim:ina.ti: syenite am cartxntt.ite gnej sses 
As noted by Orrrie (1976a), gneissose nepheline syenites arrl 
carbonatites within met:.aIooqtlosed terranes are neither well known nor 
~ently widely distribrted, probably because their rec:cqnition in the 
field is problematic. In this regard, ''many other cx:x:::urrences probably 
exist, even within known belts" (Orrrie 1976a, p. 173). Gneissose 
syenite arrljor carbonatite cx:x:::urrences described in the literature 





Fell & HOy 1989), the well-known Ontario miaskitic syenites (Keith 
Payne 1968, Appleyard 1967, 1969, Orrrie 1976a, 1976b, Windley 
arrl isolated cx:x:::urrences in Africa (Gellatly & Hornung 1968, I.ulin 
'!he IOOSt extensive arrl best described nerheline-syenitejcarbonatite 
gneiss belts are lcx:::ated in canada, within the Cordilleran arrl 
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Grenvillian orogenic belts of western am eastern canada respectively 
(Fig. 3.29). Attention is drawn here to similarities between the BRC 
am the syenite/carbonatite gneisses in canada. 'lherefore, the IOOre 
iIrportant features of the two belts are SUllIlIarised below, with the 
eqi1asis placed on lithological associations am tectonic 
interpretation: 
3.7.2 Qxdilleran syenite/carlxmati:te gnei sses 
(i) '!he alkaline intrusives were enplaced into continental crust 
prior to the major late Jurassic - early Tertiary Cordilleran 
orogeny (Pell & Hoy 1989). 
(ii) '!he igneous province comprises intrusive am extrusive gneissic 
carbonatites, nepheline syenites, ijolites, am lamprophyres 
(currie 1976b, Hoy & Kwong 1986, Pell & HOy 1989). 
(iii) '!he enplac:::eINmt of these alkaline rocks is related to periodic 
rifting along the western margin of the North American continent, 
between c.750 Ma am 340 Ma (Pell & HOy 1989). 
(i v) Pell & HOy (1989) suggest that these extensional episodes relate 
to the initiation, am subsequent m:xiification by thrusting, of 
the Cordilleran miogeocline. 
3.7.3 Gn!nvil.li.an miaskitic syenite gnei sses 
(i) Pre-tectonic miaskitic alkaline syenites were enplaced into a 
linear belt of rifted am attenuated continental crust, along the 
margin of the proto-Grenville Ocean (Wirx:Uey 1989). '!he belt 
ext:.errjg along a strike length of sane 800 kIn between Ontario am 
Quebec, inunediately south of the Grenville Front (Fig. 3.29). 
SUl:sequent ocean closure resulted in northward-directed 
overthrust; nrr within the rl' fted ' _~ contl.l1elltal margin, am 
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3.29. Location of the Cordilleran an:i Grenvillian (Ontario) 
gneiss belts in canada (Fig. 3. 29a) . Silrplified geological map 
Blue Mountain syenite gneiss complex (Fig. 3.29b), after Payne 
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(ii) '!he least-metarrollilosed syenites give Rb-Sr ages of c.1285 Ma 
(eg. Blue Mountain), whereas the higher-grade gneisses have 1:::leen 
metam::>11i1ically reset, am yield ages of c.l000 Ma (Payne 1968, 
OJrrie 1976a) 
(iii) '!he netileline syenite lxxlies are generally rinmed by non-
feldspathoidal syenites which may contain corurrltnn am/or 
nuscovite, in addition to magnetite am biotite (OJrrie 1976a). 
'!he Blue Mountain syenite gneiss is a typical exanple (Payne 
1968) , being regularly zoned fran a core of homblen:ie-nerheline 
syenite, through a median shell of biotite-nerheline syenite, to 
a rim of muscovite syenite with traces of corurrltnn (Fig. 3.29). 
(iv) '!he nuscovite-bearing syenites are suggested either to be country 
rocks to the nerheline syenites (OJrrie 1976a), or in-situ 
differentiation products fran an original nerheline syenite 
intrusive (eg. Blue Mountain: Payne 1968). Muscovite oo:rmally 
mantles corurrltnn, irrlicating later replacement reactions possibly 
during metarro11i1ism (OJrrie 1976a). 
(v) '!he origin of the Ontario nerheline syenite gneisses has long 
1:::leen controversial, with suggestions such as selective 
metasanatic replacement of country rocks (AWleyard 1967 1969) or 
metarro11i1ism of pre-tectonic magmatic intrusives (Keith 1939, 
Payne 1968, OJrrie 1976a, Wirrlley 1989). '!he least-deformed 
netileline syenite gneiss in Ontario (viz. Blue Mountain) provides 
clear evidence for its origin as an alkaline intrusive (OJrrie 
1976a). 
Fran the data presented above, the similarities between the Bulls Run 
Crnplex am the Canadian nerheline syenite/carbonatite gneisses are 
notable. By analogy therefore, it is suggested that the BRC is of 
canparable origin am was intnlded into rifted am attenuated crust, on 
a continental margin. 
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3.8 9wmmy of sal ient features 
(i) '!he Bulls Run "Fonnation" is shown to be c:x::atplex am to CCI'Iprise 
several alkaline rock types, incl\ldin;J ne{ileline syenite, 
carbonatite am feldspathic ijolite. 
(ii) '!he useage of the tenn "CCI'Iplex" to describe the Bulls Run body 
is rec:x::mnerrled in place of "fonnation". 
(iii) '!he elolXJate shape of the Bulls Run Cclrplex is a result of 
lateral shearinJ am stretchin:J in an east-west direction. 
(iv) A concentric outcrop pattern has been ~, in which an 
envelope of muscovite-rich syenite surrourrls a core of nepheline 
am albite syenites. '!his situation is similar to that described 
for the miaskitic syenite gneisses in the Ontario section of the 
Grenville Province. 
(v) '!he muscovite-rich syenites are thought to be pelitic country 
rocks fenitised by potassic fluids emanatinJ fran s6vite 
carbonatite intrusions. 
(vi) Mafic biotite-rich dykes are interpreted as alkaline 
lanprq::hyres . 
(vii) Rb-Sr isotope data irrlicate a lOVI initial-Sr ratio am an 
isochron age of 1138 ±45Ma for the nepheline syenites. lJ::M 
initial Sr ratios for the carbonatites ~rt a canagmatic 
mantle origin for the syenite am carbonatite. 
(viii) By analogy with miaskitic syenite ca:rplexes in canada, the Bulls 
Run Ccarplex was probably intruded into the rifted passive margin 
of a continent. '!he occurrence of carbonatite within the BRC 
~rts this tectonic interpretation. 
'!he WCIDJU Granite is the westerrnnost of the three alkaline granitoids 
ma~ to date arrl is located 20 kIn northwest of FshaNe (Fig. 4.1). 
Unlike the Ngoye arrl Bulls Run granitoids, which were identified as 
discrete entities prior to this study (Cllarlesworth 1981), the WCIDJU 
occurrence has only recently been disti.rguished fran the surrot1I'rlin;J 
Halaml::u granodiorites (Scogin:]s 1988 1989). '!he J'laIOO ''WCIDJU'' derives 
fran WCIDJU Hill, where the peralkaline character of the granites was 
first recognised. 
'!he WCIDJU Granite has been described in sane detail durin:] the course of 
this investigation (Scogin:]s 1989 1991b). '!herefore this chapter 
summarises the published data arrl describes additional unpublished 
data. In particular, seven additional whole-roc:k major- arrl 
trace-element analyses augment the thirteen samples originally 
documented (Scogin:]s 1989). rue to financial arrl logistical constraints, 
an Rb-Sr isotopic investigation on samples fran Wargu has not yet been 
carried out. '!his aspect will be dealt with durin:] the next. phase of 
this or¥;Join:] study and does not materially affect the c:x:arpilation of 
this thesis. A sununary of previous research in this area follows: 
(i) ru Toit (1931) assigned the gneisses on Wargu Hill to the 
predaninantly amphibolitic "Tugela Series", in contrast to the 
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(ii) Cl1arlesworth (1981) confintei the presence of granitoid gneisses 
within the "Alam1:u Mass" am incorporated sane of Dl Toit' s 
''Tugela Series" fran the Wangu area into the "Halam1:u Granite 
Gneiss Formation" (SACS 1980, Matthews & Cl1arlesworth 1981). On 
the basis of limited mineralogical am geochemical evidence, 
Cl1arlesworth classified the Halam1:u Formation as predcminantly 
granodioritic to tonalitic. However, quartz-nonzonite gneisses 
were noted to the south of ~ Hill am, fran the descriptions 
by both Cl1arlesworth am Dl Toit, it is clear that a c::arp::lSitional 
break was recognised in the vicinity of Wangu Hill. 
Cl1arlesworth (1981) suggested that the Halam1:u gneisses are 
defonned, intrusive, calc-alkaline I-type granitoids. Followirg 
detailed structural analysis of the Halam1:u area, he noted that 
the pervasive east-west foliation within the Halam1:u Formation as 
a whole, is axial-planar to northward-vergirg folds in the 
surrotll'rlinJ anpribolitic terrane. '!his suggested that the 
granodioritic precursors to the Halam1:u gneisses were intruded 
prior to the northward-directed c:x::Itpressional thrustirg event. 
(iii) Scogirgs (1988 1989) discovered magnetite- am aegirine-bearirg 
granite gneisses on Wangu Hill, in the southern part of the 
Halam1:u outcrop. '!hese are ccmerrlitic to pantelleritic in 
c::arp::lSition, with typical A-type granite trace-element 
geoc:hemistry. '!he magnetite granites were noted to be 
corurxium-normati ve am peraltnninous, due to magmatic or 
met.aIrorprically-induced alkali depletion. '!he recognition of 
peralkalinity in this area was a marked departure fran the 
calc-alkaline classification accorded the Halam1:u Formation by 
Cl1arlesworth (1981). In addition to the discovery of peralkaline 
granites at Wangu, intrusive biotite-rich sheets of alkaline 
lanprophyre affinity were described. 
An intracratonic tectono-magmatic settirg was proposed for the 
Wangu granites am alkaline lanprophyres, similar to that 
envisaged for the Ngoye and Bulls Run Cc:trplexes (Scogirgs 1989, 
1990a). 
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4.3 Field and pelt:cxjt«t{bic descrlpt.:ials 
4.3.1 Int[l drticn 
Whereas systematic lithological zonation of the Wangu l:x:ldy was not 
recognised previously (Scogirgs 1989), the granites are rx:M divided into 
two lithologies on the basis of distril::ution am no:3al mineralogy 
(Scogirgs 1991b). According to this division, the l:x:ldy c::x:ll'prises a core 
of pyroxene- am magnetite-bearirg granite surrrurxied by an envel~ of 
magnetite granite (Fig. 4.1). It has not been possible to define the 
exact position or nature of the contact between the two granite types in 
the field. Minor biotite-rich mafic dykes are intrusive into the 
southern part of the Wangu granite. Representative exanples of the 
Wangu granite am biotite-rich mafic dykes are illustrated as Figure 
4.2. 
Representative no:3al analyses are presented as Table 4.1 (c::x:ll'plete set 
of no:3al data in Apperrlix 1, Table A1.3), am classification according 
to the streckeisen (1976a) OAF ternary diagram is illustrated in Figure 
4.3. Microprobe analyses of aegirine-augite are given as Table 4.2. 
All the Wangu samples are alkali -feldspar rich am they plot alOlXJ the 
alkali-feldspar - quartz join, within the alkali-feldspar syenite am 
alkali- feldspar granite fields. '!he field of granodioritic/tonalitic 
Halaml::u Fonnation lithologies sampled to the north of Wangu durirg the 
course of this study is shown in Figure 4.3 for carparison. 
4.3.2 ~te granite 
'!his light pink to off-white, fine-grained, lithology fonns sheet-like 
a.rtcrops characterised by a praninent east-west planar foliation dippirg 
at 40 to 500 to the south. Several elolXJate zones of relatively 
mafic granite, up to 20 m 10lXJ am 10 em wide, were noted on the crest 
of Wangu Hill. '!hese layers, enriched in magnetite am aegirine-augite, 
may be c::wnulates resultirg fran mechanical concentration of heavy 
minerals in a highly fluid, volatile-rich nelt. SUch layerirg is c:::arm:>n 
within peralkaline intrusions (eg. Illimaussaq, Greenlam; lDvozero, 
USSR: SOrensen 1968). 
·- ' _. ~ '~ .... 
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WANGU MAGNETITE GRANITE 
HALAMBU GRA NO DIORITE 
Figure 4.2. Representative rock types from the W~ area. '!he harxi 
specimens are magnetite granite (Fig. 4.2a) am Halambl grancx:liorite 
(Fig. 4. 2b) . Cllaracteristic outcrop of biotite-rich sheet, with 
xenoliths of magnetite granite in the Mvuzane Valley (Fig. 4.2c). 
H27 MZa 
microcline 36 33 
albite 24 21 
quartz 34 43 
biotite t 
aegirine 







= not detected 
H27 = magnetite granite (comenditic) 
HZa = magnetite granite (comenditic) 
~235 = aegirine granite (comenditic) 




Si02 50.29 52.53 
Ti02 0.06 0.08 
Al203 0.84 0.95 
FeO 24.25 24.02 
HnQ 1. 19 1.32 
HgO 3.42 3.20 
CaO 11.45 10.64 
Na20 6.15 6.48 
Total 97.65 99.22 
-134-
TABLE 4.1 























































~232 = aegirine-magnetite granite (pantelleritic cumulate) 
~233 = aegirine-magnetite granite (pantelleritic cumulate) 
~227, ~228 = biotite-rich dykes 





ions on basis of 6 oxygens RICH 
Si 2.056 2.094 
Ti 0.002 0.002 
Al 0.041 0.045 
Fe2 0.829 0.801 
Hn 0.041 0.045 
Hg 0.208 0.190 
Ca 0.502 0.455 
Na 0.488 0.501 
Total 4.167 4.133 
~232p, ~233p aegirine-augite 
~angu granite 
DYKES 
Fig. 4.3. Classification of the ~angu granites, Halambu 
granodiorite and ~angu biotite-rich dykes on the 
Streckeisen (1976) QAP diagram. The fields are numbered 
as follows: 2, alkali-feldspar granite; 3a & 3b, granite, 
4, granodiorite; 5, tonalite; 6, alkali-feldspar syenite. 
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As shown l:rj IOOdal analyses (Table 4.1), the aegirine-augite granite 
CCIlprises a fine-grained (0.2 to 0.5nm) polygonal assemblage of quartz 
(25 to 50 IOOdal%) , microc:line (10 to 40 IOOdal%), albite (20 to 50 
IOOdal%) , aegirine-augite (up to 15 IOOdal%, Table 4.2 for microprobe 
data) am magnetite «10 IOOdal%) , with accessory biotite am riebeckite 
in sate sanples. 
4.3.3 Illgnetite granite 
'!his leucocratic lithology forns a broad sheath arourrl the 
aegirine-bearirg granites am, apart fran the al:sence of sadic pyroxene 
am anprlbole, is petrograIirically very similar. Modally, it canprises 
quartz (25 to 49 IOOdal%), albite (25 to 45 IOOdal%) , microc:line (20 to 35 
IOOdal %) am magnetite (3 to 8 IOOdal %) , with acx::essory biotite am 
fluorite. 
4.3.4 Biotite-rich dykes 
Biotite-rich dykes, up to 30m long am 1m wide, appear to be restricted 
to the southern part of the Wangu outcrop, within the Mvuzane Valley 
(Fig. 4.1). '!hese well-foliated mafic rocks intrude peralkaline 
granite am contain al:mxiant xenoliths of this lithology (Fig. 4.2c). 
'lhin-section examination confinns their well-foliated character am 
shows them to consist essentially of red-brown biotite flakes (45 to 63 
IOOdal%) , albite (23 to 37 IOOdal%) , microc:line (c. 6 IOOdal%), irregular 
aggregates of calcite (4 to 8 IOOdal%), am rOUl"Xied apatite grains (c. 2 
IOOdal%). Although these rocks are mafic, because the sole felsic 
constituent is alkali feldspar, they classify as alkali -feldspar syenite 
on the QAP diagram (Fig. 4.3). 
4.3.5 Halantu gran:xliarite 
Five sanples of HalamJ:::u granodiorite were collected at the sites 
irrlicated on Figure 4.1, for canparison with Wangu granitoids. Modal 
analysis (Table 4.1, Fig. 4.3) confinns Cllarlesworth's (1981) 
classification of the typical HalamJ:::u lithology as gran:xliorite or 
tonalite. Essentially they canprise saussuritised plagioc:lase (50 to 70 
IOOdal%) , microc:line (3 to 17 IOOdal%) am chloritised biotite (1 to 5 
IOOdal %) , with acx::essory ho:rnblerxie. 
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4.4 GeQrbemi stty 
4.4.1 Int:rc:dlct:.:i 
Major- am trace-eleJOOl1t geochemistry, together with cnw oonns am 
mesononns for representative lithologies, are presented as Tables 4.3, 
4.4 & 4.5. Five semples of Halamb.l grancxliorite fran oorth of W'an:JU 
Hill were analysed for ~tive~: representative semple H18 
is oonsidered to be typical of this lithology (cf. Charlesworth 1981). 
A c::arplete data set is to be founl in ~ces 2 am 3 (Tables A2. 3 
am A3.3). 
'!he magnetite- am aegirine-augite granites (excluclin:J the mafic-rich 
Cl.D'II.llates) have m:xierately peralkaline geochemistry, with lOiN Al203, 
cao, Sr am Ba, in conjunction with elevated Zn, Nb, Zr am REE, 
c:::arpared with average granites. In this respect they are similar to 
peralkaline ccmerrlites fran the Naivasha volcanic field in the Kenya 
Rift Valley (Table 4.3). Ccal'pared with the average ccmerrlite am 
pantellerite, the WanJU granites are relatively potassic, a feature 
shared with ~ of the Naivasha ccmerrlites. '!he mafic-rich CUllIllates 
fran the centre of the WanJU body have unusual geochemistry am, fran 
the data presented in Table 4.3, are broadly c:::c::Il'pll"able with the average 
pantellerite. '!his omervation applies particularly to Al203 am 
K20 depletion, elevated Na20/K20 ratios (Fig. 4.4a) am enrichroont 
in F~03 (tot) • 
with reference to Table 4.4, the biotite-rich dykes are potassic (Fig. 
4.4a), enriched with respect to total alkalis, 002 am i.nc::arpatible 
eleJOOl1ts (eg. Nb) am are broadly similar to such alkaline mafic rocks 
as neprelinite, alkaline lamprophyre am ultrapotassic rocks. 
4.4.2 AlDDina saturatial 
'!he WanJU granitoids are daninantly peralkaline in tenns of the Bonin 
(1986) ternary plot (Fig. 4.4b), alkaline to peralkaline USllxJ Wright's 
(1969) alkalinity diagram (Fig. 4.5a) , am alkaline aa::ordi.n;J to the 
diagram devised by SYlvester (1989) (Fig. 4.5b). '!heir overall 
peralkalinity is corroborated by oonnati ve acmite am riebeckite in IrOSt 
of the semples (Table 4.5) . 
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TABLE 4.3 













































































































































































H27, MZa = magnetite granite (comenditic) 


































































































































































































































































average comendite (Hill & Thomas 1983) 
B = average pantellerite (Hill & Thomas 1983) 
C, 0 = Naivasha comendites (MacDonald !!~. 1987) 
H18 Halambu granodiorite 
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TABLE 4.4 



















































































































































































































A = average alkaline lamprophyre (Rock 1991) 
B = average calc-alkaline lamprophyre (Rock 1991) 
C = average nephelinite (Le Maitre 1976) 
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o = Group I ultrapotassic lamproite Wilson 1987) 
E = Group 2 ultrapotassic Mafurite (Wilson 1987) 
F = Potassic lava, East African Rift (Wilson 1987) 
G Group 3 ultrapotassic leucitite (Wilson 1987) 
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TABLE 4.5 
REPRESENTATIVE NORMS: WANGU 
CIPW NORMS 
H27 MZa \1235 \1229 \1232 \1233 \1228 \1227 H18 
Quartz 27.11 46.20 19.93 44.90 31.32 48.66 25.53 
Corund\.l1l 0.97 , 
Orthoclase 30.27 24.08 37.52 12.28 6.92 3.54 14.11 31.19 15.66 
Albite 27.67 24.03 25.87 34.36 23.05 23.34 31.57 46.21 
Anorthite 0.09 0.25 5.44 2.25 8.32 
Leucite 22.39 
Nephel ine 7.18 0.60 
Acmite 8.44 3.98 8.56 4.17 
Wollastonite 2.89 2.03 
Oiopside 1.23 2.54 0.70 5.29 4.73 4.41 6.74 0.71 
Hypersthene 10.40 3.33 0.28 0.10 2.81 
Ol ivine 28.01 13.50 
Magnetite 2.23 0.65 2.70 0.65 11.10 7.01 2.51 1.95 0.42 
Ilmenite 0.78 0.21 1.29 0.40 0.58 0.59 7.37 2.29 0.25 
Haematite 1.10 2.27 9.59 5.09 
Sphene 
Apatite 0.02 0.09 0.09 2.91 2.27 0.09 
Calcite 5.61 7.58 
Zircon 0.22 0.28 0.31 0.36 0.61 0.75 0.06 0.06 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
.MESONORMS 
Quartz 32.29 47.57 21.27 45.94 28.87 47.80 0.56 6.36 27.11 
Corundun 0.01 1.06 1.99 
Orthoclase 21.80 21.51 36.17 11.89 4.66 1.52 4.05 . 11.34 13.07 
Albite 27.67 24.02 25.87 34.36 23.05 23.34 13.26 32.69 · 46.18 
Anorthite 0.06 2. 25 8.34 
Biotite 14.72 4.52 1.94 0.56 3.24 2.91 60.63 30.85 4.31 
Wollastoni te 0.38 0.07 5.27 4.11 1. 71 0.16 
Hypersthene 
Riebeckite 7.57 2.50 16.00 8.29 
Magnetite 2.22 0.80 1.64 2.51 1.95 0.42 
Haematite 4.81 3.81 17.45 8.79 
Sphene 1.01 0.18 1.66 0.51 0.76 0.76 7.65 2.95 0.32 
Rutile 0.06 0.77 
Apatite 0.02 0.09 0.09 2.91 2.27 0.09 
Zircon 0.22 0.28 0.31 0.36 0.61 0.75 0.06 0.06 
Calcite nd nd nd nd nd nd 5.61 7.57 nd 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 0.00 
nd not determined W232, W233 = aegirine-magnetite granite 
not detected W228, W227 = biotite- rich dykes 
H27, MZa = magnetite granite H18 = Halambu granodiorite 
W235, W229 = aegirine granite 
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However, as displayed on the Bonin diagram (Fig. 4.4b) minor variations 
of alumina/alkali ratios in low-caO rocks can produce significant shifts 
along the base of the diagram. In this context sate of the Wangu 
granites, mainly the magnetite-bearing lithologies, are 
corurrlum-normative am plot just within the peraluminous field. However, 
this alumina-oversaturated character is inconsistent with their 
peralkaline trace-elemant geochemistry (Scogings 1989). '!herefore, the 
current peraluminous status of the magnetite granites is interpreted as 
being a result either of alkali loss during metamJrpusm or 
post-magmatic halide-rich vapour loss, as described for extrusive 
peralkaline rhyolites (cf . MacDonald 1975, Hill & '!homas 1983, Bourne 
1986, Seyler 1986, winchester & Max 1987, Kurnarapeli et al. 1989). With 
regard to the effects of alkali loss on mineralogy, Floor (1974) am 
winchester & Max (1987) noted that this results in the conversion of 
alkali anpriboles am pyroxenes to magnetite, with the release of Zr to 
form discrete zircon. '!his minerals assemblage is not characteristic of 
peralkaline rocks, where zircon is an atypical IOOdaI {ilase. 
'!he mafic dykes classify as metaluminous on the Bonin (1986) diagram, in 
keeping with the occurrence of CIPW-normative anorthite am diopside 
(Table 4.5). '!hese rocks provide an insight into the effect on silica 
saturation when K+ is used to form biotite in the mesonorm. For 
exanple, whereas the CIPW norm of sample W228 is urrlersaturated am 
contains leucite am nepheline, the mesonorm Il'Ore accurately reflects 
the IOOdaI analysis am essentially canprises biotite am albite. 
4.4.3 Degn~ of peralkalinity 
Peralkaline granites are classified according to normative femic mineral 
contents either as cx:memite or pantellerite (MacDonald & Bailey 1973, 
MacDonald 1975, Seyler 1986). As shown in Figure 4.5c, the Wangu 
granites plot as two distinct groups; whereas the mildly peralkaline 
leuccx:::ratic granites fall in the cx:memite field, the relatively mafic 
aegirine-augite cumulates classify as pantellerite. However, in terns 
of their low total alkalis am exceptionally elevated iron content, the 
latter are not strictly canparable with pantellerites (Table 4.3, 
analysis B). Nonetheless, the term "pantellerite" is used to facilitate 
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Figure 4.4. Alumina saturation arxi Na2o/K2o characteristics of 
the Wangu granites, biotite-rich rocks arxi Halamb.l. grancxtiorite. 
Fig. 4. 4a. Discrimination 
according to their Na2o/K2o 
are included for comparison. 
of the 
ratios. 
various Wangu lithologies 
'll1e HalaIllb.l grancxtiorites 
Fig. 4.4b. Alumina saturation relative to Na20+K2o and cao, 
after Bonin (1986). 'll1e Wangu granites plot predominantly within 
the peralkaline field, whereas the HalaIllb.l grancxtiorites are 
~taluminous . 
Symbols: ( x) magnetite/aegirine-augite granites, (®) mafic cumulates, 
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Figure 4.5. Alkalinity am degree of peralkalinity of the Wan:JU 
granites. 8yrnbols as in Fig. 4.4 
Fig. 4.Sa. Alkalinity vs silica diagram after Wright (1969), 
showing the predominantly alkalinejperalkaline character of the 
. Wan:JU granites, compared with the calc-alkaline nature of the 
Halamhl grancxliorites. 
Fig. 4.Sb. Classification of the Wan;JU granites as alkaline, 
according to the paraneters suggested by Sylvester (1989). DJ.e to 
their extremely low Al203 contents relative to FeO, the 
mafic-rich cimulates have not been plotted. 
Fig. 4.5c. Classification of the Wan;JU granites using nonnative 
quartz vs total nonnative femics. Diagram for silica-saturated 
peralkaline extrusive rocks devised by MacDorrlald & Bailey (1973). 
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4.4.4 NaIBlcl.ablre based em geocbemim1 parameters 
(i) Rl.-R2 classifi.catial: When plotted on the Rl-R2 diagram of de 
la Roche et al. (1980), the Wan;JU granites rarge in c:::atp:)Sition 
fran quartz syenite to alkali granite, in contrast to the Halamtu 
sanples that fall within the granodiorite field (Fig. 4.6a). '!he 
three biotite-rich dyke sanples classify as essexite am 
syenodiorite . 
(ii) &xmative cl.assificati..at: '!he nonnative classification of 
streckeisen & I.e Maitre (1979) provides very similar I1CI'l'el1Clature 
to the IOOdal QAP diagram (Fig. 4.6b). '!hus the Halamtu rocks 
classify as granodiorite am tonalite am are distinctly different 
fran the Wan;JU lithologies that plot as quartz alkali-feldspar am 
alkali-feldspar granite. As noted previously (Section 3.4.6) the 
biotite-rich dykes are not recannerrled for classification using 
nonnative constituents. 
(iii) Classificatiem USllq illll!ObiJe elements: In view of the 
o1:servation that minor alkali -loss may have occurred in the 
magnetite granites, these lithologies have been c:x::trpared with the 
other Wan;JU granites using relatively i.nm::>bile elements, as 
suggested by wi.ncllester & Floyd (1977) am wi.ncllester & Max 
(1987). '!he broadly camenditic composition of the magnetite 
granites is confirmed on the Si02 vs Zr /Ti02 discrimination 
diagram (Fig. 4. 6c) • 
4.4.5 A-type cl.assificati..at (Ga/Al) 
Good discrimination between I-, S-, M- am A-type granites is achieved 
using Ga/Al plotted against i.ncanpatible trace elements (Whalen et al 
1987). According to these parameters the Wan;JU granites are clearly 
A-types, as a result of their elevated Ga/Al ratios am high 
i.ncanpatible-element contents (Fig. 4.7). 
4.4.6 RnXer di.agrams 
Selected major- am trace-element data for the Wangu granites are 
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Figure 4.6. Classification of the Wan:JU granites am biotite-rich 
dykes according to major- am trace-element characteristics. 8ymbols as 
in Fig. 4.4 
Fig. 4. 6a. Classification usirg the Rl-R2 multicationic system 
devised by de la Roche et al. (1980). 
Fig. 4.6b. Normative classification based on the Q' versus An' 
diagram of streckeisen & I.e Maitre (1979). 
Fig. 4.6c. Classification of 
relatively immobile trace elements, 
from Winchester & Floyd (1977). 
the Wan:JU litholc~ies usirg 
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Figure 4.7. Plot of trace element am peralkalinity in::lices versus 
10 000 x Ga/Al for the Wangu granites. '!he r~ar field, with 
Ga/Al of less than 2.6, is the field of M-, I-am S-type granites. 
Average granite CCIIl'pOSitions are given as boxed letters. '!he field of 
A-type granites is delineated by the solid curved line am, for 
comparison, the fields of two fractionated felsic I-am s-type granites 
are shown as dashed outlines. Data for the various fields am granite 
types from Whalen et al. (1987). symbols: (x) comerrlitic granite, (0) 
pantelleritic granite. 
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sarrples have not been plotted on Figure 4.8 due to their lC1ll Si02 
contents, rut are referred to in the text belC1ll: 
(i) Si02 contents for the granites vary between 61 am 79%. '!he 
c::aoorrlitie granites are bim:rlally distril::uted am essentially have 
silica values that are c::cIlplimentary to the Fe-rich pantelleritie 
granite cunulates. Although the geochemical database for the 
biotite dykes is lilnited, they are characterised by nuch lower 
Si02 contents (40 to 50%) than the granites (Table 4.4). 
(ii) within the granites, Al203, Ti02, FeO(tot) am cao vary 
inversely with respect to Si02 , a feature which is considered to 
reflect fractionation of feldspar am mafic minerals. '!he bIo 
sarrples of c::aoorrlitie granite, with elevated cao contents relative 
to silica, contain IOOdal fluorite. ~e to the lilnited number of 
mafic dyke analyses available it is not possible to canment on 
trerrls for these elements other than to note elevated Ti02, cao 
am P205 values relative to the granites. 
(iii) Na20 am K20 in the granite analyses do not covary with Si02 
to any marked degree, although a trerrl towards lower total-alkali 
contents with increasin;J Si02 is irxlicated. Fran Table 4.4 it 
is apparent that total alkalis are fairly constant (7 to 9%) in 
the mafic dykes, rut that Na20/K20 ratios increase with 
increasin;J Si02. 
(iv) For given Si02 contents the aegirine-rich pantelleritie granites 
have much lower Al203 , Na20 am K20 than the canerrlites, 
rut are relatively enriched in FeO, cao am M:JO. Fran IOOdal 
mineralogy it is clear that these trerrls are controlled by the 
relative a1:mrlance of aegirine am magnetite, in conjunction with 
lC1ll feldspar contents, in the pantelleritie lithologies. 
(v) A bIo-fold enrichment in incc::aTpatible trace elements, eg. Zr (ef. 
Nb, Zn, Y & REE, Table 4.2) characterises the pantellerites (c. 
3000 ppn Zr) C01l'pared with the canerrlites (c. 1500 ppn Zr). 
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Figure 4.8. Selected rnajor- ani trace-element data from the Wangu 
granites plotted on Harker variation diagrams. Major-element oxides in 
%, trace elements in ppn. 8yrnOOls: ( x) cornerrlitic granite, (®) 
pantelleritic granite. 
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4.4.7 K2D{Hb ratios 
Constant K20/Rb ratios for the Wangu granites (Fig. 4.9) irrlicate 
evolution aloD3' a normal magmatic differentiation trerrl of constant 
K20/Rb ratios (Shaw 1969, Bowden & Kirmaird 1984). '!hus these rocks 
do not s.h<:1iI the Rb-enrichment trerrl noted in the Ngoye Cclrplex, which is 
ananalous in view of the ol::servation (Bowden & Kirmaird 1984) that Rb 
enrichment aloD3' the pegmatitic-hydrothermal trerrl is characteristic of 
subvolcanic alkaline granite c::c:nplexes. '!his irrlicates that the Wangu 
granites may have crystallized soon after enplacement, precl~ the 
developnent of pegmatitic-hydrothermal fluids by fractionation processes 
dur~ protracted cool~. '!heir fine-grained character, if reflect~ 
original textures, supports this contention of rapid cool~. 
4.4.8 IID "le:tible-eJanent ratios 
For any particular suite of alkaline granites Nb/Y ratios tern to remain 
fairly constant dur~ fractionation (Eby 1990). Nb/Y ratios for the 
Wangu granites am biotite-rich dykes are fairly well constrained (Fig. 
4.13a) am, therefore, support a ccrnagmatic origin (Nicholls 1988, Eby 
1990). 
4.4.9 Rare earth el.enFnts 
Chorrlrite-normalized REE patterns for representative Wangu litholcXJies 
are presented (Figs 4.10a, b) am the follOlN~ characteristics noted: 
(i) Apart fran W232, the remain:ier of the granite sanples exhibit 
cooparable patterns, with moderate IREE enrichment (la/Ill: 3.67 to 
18.43) am negative Eu ananalies (Eu/Eu*: 0,16 to 0,28). '!he 
unusual negative Ce ananaly exhibited by W232 may relate to its 
high Fe203/FeO ratio (Table 4.3) am to formation under highly 
oxidiz~ corrlitions (CUllers & Graf 1984). 
(ii) As irrlicated by their chomrite-normalized REE plots, the two 
mafic dykes display IREE-enriched patterns (la/Ill: 6.49 to 15.04), 
with slight negative Eu ananalies (Eu/Eu*: 0,68 to 0,79) typical 
of alkaline mafic rocks (Fig. 4. lOb) • A Karoo nephelinite am 
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Figure 4.9. Plot of K20 against Rb for the Wan;JU granites. '!he 
main (Ml') arrl pegmatitic-hydrothermal (PHl') trems of Shaw (1969) are 
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Figure 4.10. O1.orxtrite-nonnalized REE patterns for the Wan;JU 
litholgies. Fig. 4.10a Wan;JU granites, Fig. 4.10b Wan;JU biotite-rich 
dykes with canparative data fran the Bulls Run carplex. '!he Karoo 
nephelinite (Bristow 1984) is included for comparison, as are the Bulls 
Run carbonatite arrl biotite-rich mafic dykes. 
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'!he Wargu granites have been plotted on selected tectonic discrinrination 
diagrams, in an effort to characterise the probable tectonic settin;J at 
the time of their enplacenent. For backgrourrl descriptions of the 
diagrams devised by Pearce et ale (1984), Maniar & piccoli (1989) am 
E1:Jy (1990), the reader is referred to Section 1.5.4. Where additional 
discrinrination plots have been used they are rutlined in the text below. 
With regard to the ORG-normalised patterns presented below (Fig. 4.11a, 
4 .1lb) , only those sanples analysed for SIn am Yb in addition to the 
normal range of elements, have been plotted. 
characteristics are displayed: 
'!he followin;J 
(i) '!he pattern defined by the c:::arerili.tic granites (H27, W229, W231 & 
W235) is significantly enriched in Rb am '!h relative to Nb, am 
acc:cll'panied by a large negative Ba ananaly. Apart fran the Ba 
spike there is a general trerrl of decreasin;J values between Rb 
am Yb. 
(ii) '!he pattern exhibited by pantelleritic granite W232 is broadly 
similar to that of the c:::arerili.tes, especially with regard to '!h 
enrichment relative to Nb. However the followin;J exceptions are 
noted - K am Rb are depleted to about the same extent as Ba, 
probably as a result of low feldspar contents, am SIn is enriched 
relative to the adjacent elements Zr am Y. 
(iii) '!he Wangu c:::arerili.tic granite pattern is c::cnparable to that 
defined by c:::arerili.tic rhyolites fran the Naivasha volcanic 
cx:xnplex, in the Kenya Rift valley. A representative sanple of 
Nai vasha c:::arerili.te is plotted in Figure 4.11a am, apart fran a 
larger negative Ba ananaly than the Wargu c:::arerili.tes, rocks fran 
both areas have a very similar tenor of '!h am Rb enrichment 
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Figure 4.11. Plots of representative Wangu granites, for which REE 
data are available, nonnalized against ocean-ridge granite (ORG). ORG 
values and the patterns for selected WPG' 5 and mI.G' 5 are from Pearce et 









Figure 4.12. Binary 
'Ih-enriched comerxlites. 
)Ii 
50 100 150 
Th ppm 
plot corrparing Wangu comerrlites with Naivasha 
Nai vasha data from MacDorrlald et al. (1987). 
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'!he Naivasha pattenl is considered to be crust-daninated, imicative of 
substantial crustal invol vem:mt duri.n;J magma generation am./ or 
enplacement (MacDonald 1987). '!he evidence for crustal involvem:mt at 
Naivasha is provided by ananalous enrichment in "crustal elerrents" 
(large-ion-lithq;triles such as Rb, '!h, Pb, U) relative to 
high-field-stren:Jth ccnp:>nents such as Nb, Zr, Zn am. REE (MacDonald et 
al. 1987). '!he Wangu ccnvarrlite data have been plotted on a binary 
LIL/HF'S 9LciP1 am. exhibit cx:mparable LIIrenriched character to the 
Nai vasha ccnvarrlites (Fig. 4.12). '!he Nai vasha ccnvarrlites are relatively 
potassic CCIl'Ipared with oceanic ccnvarrlites am. , in this regard, it is 
noted that SClOO of the Wangu ccnvarrlitic granites are potassic 
(K20>Na20, Table 4.3). Continental ccnvarrlites fran other parts of 
the world share this feature, imicati.n;J addition of K20 by 
interaction with sialic crust duri.n;J magma generation (MacDonald et al. 
1987). 
4.5.2 Discrlm:inaticn USllg Nb, Y am Rb 
A-type granites are a typical magmatic feature of within-plate tectonic 
setti.n;Js am. can be distinguished fran collision-related (CDLG) , 
volcanic-arc (VAG) am. ocean-ridge (ORG) granites by their Y, Nb am. Rb 
contents (Pearce et al. 1984, Whalen et al. 1987, Eby 1990). When the 
Wan:JU granites are plotted in Nb-Y space (Fig. 4.13a) they have clear 
WFG characteristics, as a result of elevated Nb am. Y contents. However, 
a SCI1'eWhat different pattenl emerges when Rb is plotted relative to Nb+Y 
(Fig. 4 • 13b) • In this diagram the CCI'llenli.tes classify as WFG, whereas 
the pantelleritic cumulates have low Rb (due to low rrodal feldspar 
contents) am. plot within the ORG field. 
Although the Pearce diagrams are interned solely for granite 
classification, the alkaline mafic dykes have been plotted for 
CCIl'Iparison in Figure 4.13, imicati.n;J WFG characteristics. '!he Halamtu 
granodiorite data have also been included in both the Pearce diagrams 
am. , because of their much lower Rb, Nb am. Y contents, fall within the 
VAG+<X>LG am. VAG fields. 
4.5.3 Kmiar &: Piccoli di.cqt:aas 
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Figure 4.13. Tectonic discrimination of the Wangu granites usi.rxJ 
plots of Nb/Y (Fig. 4.13a) an:i Rb vs Nb + Y (Fig. 4.13b). Fields for 
ORG, VAG, <X>I.G an:i WFG from Pearce et al. (1984). As illustrated in 
Fig. 4.13a, the majority of Wangu litholcX3ies have Nb/Y between 2.0 an:i 
5.0, suggesti.rxJ that the granites an:i biotite-rich dykes are cogenetic. 
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two of the tectonic discrimination diagrams suggested l:7j Maniar & 
piccoli (1989). As illustrated (Fig. 4.14a, 4.14b) high FeDfl"4J ratios, 
coupled with lC1tl Al203 contents, results in their classification as 
Group II anorogenic granites. 
4.5.4 YfNb disc::ri1Il:ina 
y INb ratios tern to remain constant, even through protracted 
fractionation, for A-type granite intrusives am are distinctive for 
particular tectono-magmatic settin:Js (Eby 1990). When the Wan;JU 
granites are classified accord.ir¥J to their Ce/Nb am Balla ratios 
relative to y INb (Fig. 4 • 14c, 4 . 14d) , a clear mantle signature is 
evident. '!his supports the contention that the Wan;JU granites are 
anorogenic am not post-orogenic (Section 4.5.3) 
4.5.5 Tect.a1ic sett.:iJg indicated by the biotite-rich dykes 
As described previously (Section 4.4.1), the biotite-rich dykes are 
potassic rocks enriched in 002 am i.nc:xmpatible eleIOOt1ts. Potassic 
rocks, in which K20>Na20, are alloost totally restricted to 
within-plate continental settin1s Clhanpson & FC1tller 1986, Wilson 1987) 
am are divided into three groups accord.ir¥J to major-eleIOOt1t 
geochemistry (Foley et al. 1987): 
(i) Gnq) 1: Predcminantly high-magnesian, ultrapotassic 
(K2o/Na2o>5) lamproites, that range from 45 to 55% Si02 . 
'!hey are post-orogenic intrusions which generally intrude areas 
that have urrlergone continental collision. Lamproites are 
dlaracterized l:7j lC1tl Al203, cao am Na20, rut high overall 
ab.Jnjanceg of inc:::arpatible eleIOOt1ts (Table 4.4). With respect to 
IOOdal mineralogy they carry very little calcite am, typically, 
lack J1elileline am alkali feldspar which are characteristic 
minerals of Group 2 am 3 rocks. 
(ii) Gnq) 2: '!hese are the ultrapotassic rocks of continental rift 
zones, with the western branch of the Fast African Rift the type 
locality. As shown l:7j the representative analysis (Table 4.4), 
this group is dlaracterized by lC1tl Si02 , Al203 am Na20, 
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Figure 4.14. Tectonic discrimination of the Wangu granites as Group 
II ring-canplexlcontinental epeircqenic-uplift granites (Fig. 4.14a, 
b). Tectonic discrimination of the Wangu granites when plotted in Balla 
vs Y/Nb spa.ce (Fig. 4.14c) arrl Ce/Nb vs Y/Nb (Fig. 4.14d). Fields for 
A-type granites of the Oslo Rift, Ascension Islarrl arrl White Mountain 
c:arplexes are from Eby (1990) arrl are included for c:arparison with the 
Wangu data. Average crustal composition is given as c, om = 
oc:ean-islarrl basalt, lAB - islarrl-arc basalt. 
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(iii) Group 3: Ultrapotassic rocks of active orogenic zones, 
typically developed in the Ranari Province of Italy, are 
cbaracterized by high Al203, higher Si02 than Grrup 2 rocks 
am nost diagnostic, low Nb am Ti02 . 
In tenns of the above cbaracteristics, c::carparison of the Wan:lU potassic 
dykes with representative Group 1, 2 & 3 analyses sugg-ests a rather 
mixed parentage. '!hus the Wan:lU sanples are aluminous an:i not very 
magnesian (Group 3), rut enriched in calcite (Gr~ 2 am 3) am 
contain elevated incorrpatibles such as Nb am Ti02 (~ 1 am 2). 
~ all variables into account, close affinities to Group 2 rocks are 
consistent with their high calcite, Nb am Ti02 contents. Fran the 
above summary, it is apparent that potassic rocks related to su1:x:luction 
(Group 3) are nost easily dist~shed from those related to intraplate 
magmatism (Gr~ 1 am 2) by their Nb am Ti02 contents (Table 4.4). 
Whereas sul::xiuction-related rocks contain less than 80ppn Nb, the Wan:lU 
biotite-rich dykes have variable, though fairly high Nb values, 
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Figure 4.15. Tectonic discrimination of the Wan:JU biotite-rich mafic 
dykes, on the basis of Nb vs Zr for potassic arrl ultrapotassic rocks 
with less than 60% Si02 . Diagram from '!hampson & Fowler (1986), 
fields described as: 1, localities reroote in space am/or time from 
sul::xiuction; 2 , localities closely related to sul::xiuction tectonics. 
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As disa.lSSed earlier (Section 3.6.5), the carparable biotite-ridl dykes 
in the Bulls Run catplex have characteristics of volatile-ridl alkaline 
mafic rocks such as lanprqilyres. It is therefore suggested that the 
~ biotite-rich rcx::ks have a similar origin. Alkaline lanprqilyres 
are IOOSt CCIlI['[Only enplaced into settin:.Js such as passive continental 
margins (transform faults), divergent margins (triple junctions am 
rifts) am intraplate settin:.Js (oceanic islarrls am continental 
hotspots). '!herefore, although not specifically diagnostic, the 
alkaline lanprqilyre character of the WaD3\! mafic dykes in:licates an 
essentially non-carpressional, or tensional, tectonic regime at the time 
of enplacenent. 
4.6 StWIIIByY of salient feab.Jres 
(i) '!he WaD3\! Granite Gneiss is an elon:Jate 6km-lorg body within the 
Nkcm:> nappe. 
(ii) '!he granites are f~ained, contain aegirine-augite am/or 
magnetite am are intruded by biotite-rich dykes. 
(iii) Although the magnetite granites have peraluminous major-element 
chemistry, their high Ga/Al, Zn, Zr, Nb am REE contents are 
diagnostic of A-type peralkaline parentage. Alkali depletion, 
either as a result of post-magmatic volatile activity or 
metaIooqiric con:litions, is thought to have caused breakdown of 
sodic mafic minerals to form magnetite. 
(iv) Lcx::alized iron-rich pantelleritic granitoids have enhanced REE, 
Zr, Nb, am Zn contents relative to the predaninant c:cmernitic 
granites, am are interpreted as magmatically-concentrated 
a.nnulate layers. 
(v) '!he biotite-bearirg dykes are potassic, umersaturated am 
volatile-rich. '!hey are interpreted as metaIooqilosed alkaline 
lanprqilyres, with Group 2 affinities. A genetic relationship is 
in:licated between the peralkaline granites am mafic sheets, 
aCXXJrding to their alkaline character, enrichn¥:mt in Nb am well-
constrained :incc:tt'patible-element ratios. 
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(vi) High LIL/HFS ratios am crust-daninated ORG-nonnalized patterns 
for the granites provide evidence of intrusion into continental 
crust, probably as high-level dykes. 
(vii) '!he lanpr~yric dykes are geoc:hemically cx:uparable with Group 2 
potassic rocks, signifYIDJ intrusion into rifted continental 
crust. 
Olapt.er 5 
'lhree alkaline intrusives have been ma~ at Ngoye, Bulls Run am 
WaDJU, within the rrugela Terrane of the Natal MetaIooqiric Province. 
'lhese bodies have been described acx:ording to field relationships, 
petrogrCiI=hY, major- am trace-elenent geocllemistry, REE patterns am 
RtrSr isotopes, in an effort to urrlerstarrl their pre-defonnational 
character. Salient characteristics of each of the intrusions are 
summarized below. 
A discussion of unifying features is presented. 'lhese suggest that 
Ngoye, Bulls Run am WaDJU intrusives are a cogenetic pre-tectonic 
alkaline suite, enplaced into rifted oontinental crust in a 
nwithin-plate" tectonic setting. 
'lhe currently accepted ophiolite-obduction IOOdel for the rrugela Terrane 
is briefly described. Coo1parisons with the Grenville Province are 
drawn. A IOOdel that embraces rifting of an attenuated oontinental 
margin is suggested in order to account for the presence of the alkaline 
Ngoye, Bulls Run am WaDJU intrusives. 
5.1 Snllmuy 
5.1.1 lipye <kIIplex 
As described in Cl1apter 2, eleven petrograIirically-distinct litholCXJies 
have been delineated within the Ngoye Calplex, which is an elonJate 
massif 30kIn in length located in the Nkcm> nappe of the rrugela Terrane. 
Classification of these litholCXJies acx:ording to IOOdaI am geocllemical 




they are predaninantly netaluminous to 
0.90 to 1.15), with a minor peraluminous 
of well- and poorly-foliated samples of 
peralkaline granite detronstrates that, un:ler COI'rlitions of IOOderate 
defo:rma.tion, the Ngoye litholCXJies behaved isodlemically. lIcJwever, 
slight depletion of Na20, as a result of post-magmatic vapour-loss 
processes, may have been responsible for the breakdown of riebeckite and 
aegirine to magnetite in certain of the peralkaline granites. 
Metaluminous granites constitute the b.1lk of the Ngoye Cmplex and 
occupy the central and northern outcrops of the massif. Typically they 
contain hastirgsite and biotite and classify as granite (sensu stricto) 
on the IOOdaI QAP diagram, although major-element/no:rma.tive 
classifications Wicate granite/alkali-feldspar granite c:::c::.IlpOSitions. 
A small plug of netaluminous hornblerrle IIDnzodiorite was mawed in the 
centre of the c:x::trplex. Although voh.nnetrically minor, this outcrop is 
considered significant as it provides evidence of CO2 streanri.nJ and 
alkali-fluid activity duriD:J evolution of the Ngoye Cooplex, a 
~ referred to later in this chapter. 
Peralkaline Ngoye granites containiD:J riebeckite, aegirine and/ or 
magnetite are restricted to the southern part of the c:x::trplex and 
classify as c:::anen:litic alkali-feldspar granites accordinJ to IOOdaI, 
major-element and no:rma.tive plots. catpared with the netaluminous 
granites, these peralkaline litholCXJies are depleted in cao, Al20 3, 
Sr and Ba, rut enriched in Na2o/K2o, Nb, Zr, Zn, REE and Y. REE 
patterns are flat and relatively HREE-enriched, with significant 
negative Ell ananalies, typical of peralkaline granites in other parts of 
the world. 
'!he peralkaline granites host magnetite-quartz veins that are highly 
enriched in Zr, Nb, '!h, U, HREE and Yi these are interpreted as 
late-stage fractionates derived fran crystallization of the peralkaline 
granites. Clloritic syenite intersected in a borehole is thought to be 
a desilicified episyenitic alteration product of peralkaline magnetite 
granite. 
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Peraluminous garnet- am muscovite-bearin] granites are restricted to a 
thin intrusive sheet alan;] the northeastern flank of the c:::arplex. '!he 
~lication of ItDdal am geochemical criteria results in classification 
as alkali-feldspar granite. '!he peraluminous granites are geochemically 
distinct fran the metaluminous am peralkaline granites, in that 
concentrations of inc:x:Itpatible elements (Nb, REE, Y am Zr) are 
relatively low. '!his is typical of peraluminous granitoids am is 
ascribed to the low solubility of inc:x:Itpatible HFS elements, a direct 
CX)I1trast to the trerrls noted in the peralkaline granites. 
Muscovite-rich pods associated with quartz-feldspar pegmatites in the 
peraluminous granites are enriched in Sn, Rb, U am '!h. A "birds-win]" 
REE pattern, with low total REE am marked enrichIrent in HREE relative 
to IREE is oonsistent with retention of HREE by garnet am is IXJSSibly 
due to the effects of post-magmatic fluid activity. 
Consideration of IOOdal characteristics, major-element oontents am 
trace-element ratios (eg. Y/Nb, Ga/Al, Rb v y.+Nb) irxlicates that the 
Ngoye lithologies have the characteristics of A-type, mantl~erived, 
within-plate granites. High LIL/HFS-element ratios within the 
peralkaline canenlitic granites irxlicate that they were intruded into 
CX)I1tinental crust. Similarly the U, '!h am Rb enrichIrent that 
characterises garnet-muscovite granite of the Ngoye CcJrplex can be 
attribrted to crustal oontamination durin] magma generation am/ or 
errplacement. 
Rb-Sr isotope data for the metaluminous biotite-hornblerne granite 
irxlicate a low initial ratio (% = 0.7025) am an isochron age of 1058 
±49Ma. 
It is concluded that the Ngoye CcJrplex is a defonned A-type granite 
central cx:t1plex, intruded into rifted oontinental crust. 
5.1.2 DIlls Run CCmp1ex 
'!he Bulls Run CcJrplex is an elongate 15 km-long body located inmediately 
south of the Kaapvaal Craton, within the lCJWel:lOOSt part of the Nkc:m:> 
nawe in the Tugela Terrane. COntrary to previous descriptions of the 
Bulls Run "Fonnation" as an hc:.mJgeneous body of silica-oversaturated 
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syenite (Cllarlesworth 1981) this study has deIoonstrated that it is 
essentially silica urrlersaturated am lithologically CCI'l'plex. seven 
types of alkaline rock have been disoovered, resultirg in the prcpJSal 
that the tenn "Fonnation" be discarded in favour of "catplex" (SCOgirgs 
& Forster 1989, SCOgirgs 1991a). Lithologies are sul:xlivided into three 
major am four minor types according to areal distribrtion, mineralogy 
am geochemistry. '!he major rock types are ooncentrically disposed, 
with an envel~ of biotite- nuscovite syenite surrol.lI'rli.n a CXJ(1p::site 
core of biotite-11eIileline syenite am albite syenite. Minor~, 
viz. carbonatite, lanprcJIilyre, feldspathic ijolite am microsyenite are 
exposed only in areas urrlerlain by biotite-nuscovite syenite am 
generally are restricted to the eastern portion of the CCIlplex. 
Biotite-nuscovite syenite is classified as alkali-feldspar syenite 
according to IOOdal am nonnative cx::xtp)l'lEmts, whereas major-elenent plots 
suggest a syenite to quartz-syenite c:x:I1pOSition. Derivation of the 
biotite-ITP.lSCOVite syenite by potassic fenitization of pelitic country 
rocks, as a result of s5vite carbonatite intrusion, is proposed. 
'!he core of the BRC is c:x:I1pOSite, with a rim of coarse-grained 
biotite-11eIileline syenite surrOUl'rlirY:J an inner zone of firlEHJrained 
albite syenite. Alteration of 11eIi1eline to cancrinite, kaolin am 
sericite in the albite syenite irrlicates that volatiles sudl as 0)2 
am H20 ~ increasirgly active as crystallization progressed. It 
is noted that this alteration is ac::x:x:atpan.ied by deposition of 
i.ncatpatible-elenent enridled minerals sudl as zircon am pyrochlore. 
M:ldal am geochemical classification of the biotite-11eIileline am albite 
syenites irrlicates that they are alkaline, predaninantly miaskitic, am 
of Jbonolitic c:x:I1pOSition. '!he biotite-11eIileline syenite rim is 
relatively lOOre potassic, silica deficient am contains lower 
i.ncatpatible-elenent concentrations than the inner albite-ridl zone. 
'!he ol:Eerved textural am c:x:I1pOSitional trerrls are consistent with 
Iilonolitic fractionation (the orthoclase effect) fran early Cl.DlUl.ate 
11eIileline syenite, to residual volatile-ridl albite syenite. REE 
patterns reflect paragenetic am geochemical fractionation trerrls, with 
HREE-enridled patterns dlaracteristic of the altered albite syenites. 
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'!he positive Ell ananalies in the ooarse-grained biotite-Ile};tleline 
syenites are in agreem:mt with their proposed amulate origin. 
Feldspathic ijolite forms the centre of a small homblerrle-bearinJ 
JleIileline syenite plug near the eastern errl of the Bulls Run catplex. 
Gecx::hemically the feldspathic ijolite am associated JleIileline syenites 
are sadic am relatively depleted in silica am alumina, when c:::cI'Ipll"ed 
with the JleIileline syenites in the western part of the c::arplex. '!he 
occurrence of several elongate, though discormected bodies of JleIileline 
syenite am carbonatite alorg strike fran the ijolitic plug, within a 
ductile matrix of biotite-muscovite syenite, has led to the 
interpretation of these outcrops as a sheared am boudinaged rinJ~e 
c::arplex. 
Although exp::>Sed at a rn.nnber of localities, the m:st extensive outcrops 
of carbonatite are in the vicinity of the boudinaged ijolitic plug in 
the eastern part of the Bulls Run Ccrrplex. Here, an elongate body of 
biotite-bearinJ sOvite intrudes biotite-muscovite syenite am contains 
rnnnerous xenoliths of the host rock. Trace-element contents are 
distinctive, with elevated Sr, Nb am REE contents canparable with 
s5vites in other parts of the world. 
Mafic biotite-rich dykes intrude biotite-muscovite syenite in the 
eastern part of the c::arplex. With respect to major- am trace-element 
chemistry the mafic dykes are alkaline am classify as essexite. In 
view of their major- am trace-element chemistry, ego high H20, CD2 ' 
Na, K, Sr, '!h, Ba am IREE/HREE, in addition to their association with 
carbonatite am syenite, it is probable that these biotite-rich rocks 
are netaIoorphosed alkali lanprophyres. 
Microsyenite dykes, often flow-barrled, are intrusive into 
biotite-muscovite syenite am have, at localities alorg the margins of 
the c::arplex, been tectonically dismembered am boudinaged. Accordi.rg to 
IOOdal am geochemical characteristics this lithology is classified as 
alkali-feldspar syenite to quartz alkali-feldspar syenite. An origin 
related to the action of fenitisinJ fluids is suggested, akin to the 
production of intrusive trachytic veins arourrl s5vite intrusions in 
Kenya am U3arrla. 
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Rb-Sr isotope data for the biotite- am ho:rnblerrle-bearin;;J neJ;i1eline 
syenites irrlicate a low initial-Sr ratio (% = 0.7032) am an isoc:hron 
date of 1138 ±45Ma.. carbonate separates fran the carbonatite dykes 
provide an average % of 0.70319, which SURX>rts a camagmatic mantle 
source for the carbonatite am syenite. '!he low initial-Sr ratios in 
the Bulls Run Cooplex are carparable with those fran urrleformed 
J'leli1eline syenites in other parts of the TNOrld. 
Plottin;;J of the potassic BRC syenites am lanprqilyric dykes on a Zr vs 
Nb tectonic-discrilnination diagram irrlicates that they are unrelated to 
subduction. '!his is consistent with the widely-accepted view that the 
J'leli1eline syenitejijolitejcarbonatite association is restricted to 
intra-continental rift zones. In this regard, similarities are noted 
between the BRC am mid-Proterozoic gneissose miaskitic syenite 
c:atplexes in the Grenville Province; these are suggested to have been 
intruded into rifted crust along a continental margin. 
'!he Bulls Run Cctrplex is concluded to be a deformed syenitejcarbonatite 
central c:atplex, intruded umer anorogenic corrlitions, into continental 
crust. 
5.1.3 ~ granite 
'!he Wangu Granite Gneiss (Scogin;;Js 1991) is an elongate easterly-
tren:ling body 6 kIn long am up to 1 kIn wide, within the HalamJ::u 
"Fonration" of the Nkcaro Nappe. Whereas previously the HalamJ::u 
"Fonration" was described as predaninantly a calc-alkaline granodiorite, 
this study has denonstrated the presence of peralkaline granites am 
alkaline mafic dykes in the Wangu hill area, in the southern part of the 
HalamJ::u outcrop. 
'!he Wangu granites are suJ:x:li vided into two types based on mineralogy, 
with a core of aegirine-augite granite surrourrled by an envelope of 
magnetite granite. Accordin;;J to nOOal analyses they classify as 
alkali-feldspar granite am, on the basis of major- am trace-element 
contents, are of trachytejquartz-syenite to c::anerrlitic alkali-granite 
c::atp:)Sition. With respect to alumina saturation the magnetite-bearin;;J 
granites of the outer envelope are wholly metaluminous (Na+KjAl = 0.90 
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to 0.99) whereas the pyroxene-bearirv;J var;-ieties are predaninantly 
peralkaline (Na+K/Al = 0.89 to 1.38). Relatively mafic layers, rich in 
magnetite am aegirine-augite (c.20%) , may be of ClmI.llate origin am 
have a pantelleritic major-element chemistry, with lew Al203 (c.7%) 
am high F~o3 (c. 15%) , Zn, Zr, Nb, REE am Y. REE patterns are 
silnilar to the Ngoye peralkaline granites, enriched in total REE, with 
lew IREE/HREE ra~ios am significant negative Ell ananalies. 
'!he biotite-rich dykes that intrude the southern part of the W<mJu 
granite are silnilar to those describe:i fran the Bulls Run Ccxrplex 
although, relatively, they are m::>re potassic am have lower alumina 
contents. '!hey are netaluminous, 11eIileline- amI or leucite-oormati ve, 
am classify as essexite according to their major-element geochemistry. 
By analogy with the Bulls Run occurrences, the WaDJU biotite-rich dykes 
are thought to be netano:q:hosed alkaline lanprqilyres. 
Consideration of the m::>dal am geochemical characteristics of the WaDJU 
granites (viz. Y vs Nb, Ga/Al, Rb vs Nb+-Y) in:licates their origin as 
A-type, within-plate granites. High LIL/HFS-element ratios, allied with 
crust~aninated ORG-oormalized patterns, provide evidence of intrusion 
through am sane interaction with, continental crust. 
On the basis of their fine grain size, if an inherited feature, am by 
analogy with canparable Hercynian am Grenvillian felsic rocks, it is 
considered likely · that the WaDJU granites were enplaced at high crustal 
levels, perhaps as hypabyssal dykes. 
Cc:Irparison of the WaDJU alkaline lanprqilyric dykes with Group 1, 2 & 3 
potassic am ultrapotassic rcx::ks fran the literature, especially with 
regard to lew M;;JO am high K20, cao, 002, Nb am Ti02 contents, 
in:licates a Group 2 intraplate continental-rift tectonanagmatic settirv;J 
at the tine of intrusion. 
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5.2 Discnssicn 
5.2.1 lhify:iIg feabm!s 
Followirg fran the above SlIl1I1lalY, the characteristics of the Ngoye, 
Bulls Run am WcmJU granitoids are discussed with the aim of 
highlightirg camon features. '!his provides a backgroorrl to the 
prqxJSal that the three b:xties are a cogenetic suite of alkaline 
intrusives • 
(i) '!he alkaline intrusives at Ngoye, Bulls Run am WcmJU are all 
located within the Nkaoo Nappe of the TUgela Terrane, adjacent to 
the southern margin of the Kaapvaal Craton. 
(ii) '!he Ngoye, Bulls Run am WcmJU intrusives all contain peralkaline 
granites am syenites, ·characterised by sodic am/or Fe-rich 
minerals sudl as riebeckite, aegirine, aegirine-augite am 
magnetite. 
(iii) All three b:xties are essentially alkalic to alkaline am 
characterised by elevated concentrations of i.nc:x::xrpatible elements 
such as Nb, Zr, Y am REE. 
(iv) '!he Ngoye am WcmJU intrusives are classified as A-type granites. 
(v) (l)2-volatile activity, reflected by the presence of m:xial 
calcite, has affected each of the three intrusions to a greater 
or lesser extent. Lithologies that illustrate this process are 
the m:>nzcx:liorite at Ngoye, the carbonatites am lanp~yres of 
the Bulls Run CClnplex, am the lanprqilyres at WcmJU. 
(vi) Rb-Sr age detenninations on selected lithologies within the Ngoye 
am Bulls Run CClnplexes in:licate that they are broadly 
conteIrp>raneous, intruded between c.1150 am 1050Ma. An age for 
the WcmJU granite is not yet available. 
(vii) Initial-Sr ratios for the Ngoye am Bulls Run granitoids are low 
(0.703 to 0.706) am consistent with a mantle source. '!he Bulls 
Run carbonatites have similar initial ratios which S\JIP)rt a 
c:x::anagmatic mantle origin. 
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(viii) Classification of the Ngoye an::l WcmJU granites on tectonic 
discrimination diagrams irrlicates that they are within-plate 
intrusions . 
(ix) Tectoni~scrimination diagrams are rxrt: generally applicable to 
ne};ileline syenite/carbonatite carplexes, as such intrusions are 
widely believed to be characteristic of rifted continental 
crust. 
(x) (R;-nonnalised patterns for the Ngoye an::l WcmJU granites irrlicate 
interaction with continental crust durin':J magma generation an::l 
intrusion. 
(xi) '!he relatively potassic chemistry of SCI'Ie of the WcmJU c:::cmerrlitic 
granites is, by c::c::Il'parison with Kenyan c:::cmerrlites, taken to 
irrlicate intrusion into continental crust. 
(xii) '!he WcmJU potassic alkaline mafic dykes are geochemically similar 
to Group 2 potassic rocks, inplyin':J intrusion into rifted 
continental crust. Similarly, Nb-enrichment of the potassic 
rocks at WcmJU an::l Bulls Run suggests intrusion in a tectonic 
environment unrelated to sul:rluction. 
Fran the above considerations, it is suggested that the Ngoye, Bulls Run 
an::l WcmJU granitoids constitute a suite of metaIro1:Jilosed alkaline 
intrusives errplaced anorogenically into continental crust. It is 
prqx:sed to unite these intrusives fonnally as the Nkwaleni SUite, after 
the small farming centre situated midway between the Ngoye am Bulls Run 
carplexes. 
'!he Nkwaleni SUite is pre-tectonic in origin an::l was errplaced into the 
Nkaro NaI:Pe prior to the main fabric-formi.rxJ event responsible for the 
Natal MetaIro1:}ilic Province. '!he inplication that the Nkaro NaI:Pe is of 
continental derivation is clearly at odds with the presently-acx:epted 
c.priolite origin (Matthews 1972, 1981, '1hanas 1990). 
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5.2.2 Tectarl.c bpli.cati.als far the 1.U]e1.a Ter.rane 
When the other alkaline granitoids discovered duril'Y:J the reconnaisance 
~ of this thesis (Fig. 1.1) are taken into ac::x:ount, the picture that 
unfolds is one of riftil'Y:J am extensive anorogenic continental magmatism 
duril'Y:J develqm:mt of the TUgela Terrane. '!his concept is supported by 
the broadly coeval errplacement of layered mafic intrusions such as the 
TUgela Rarrl SUite am Maml::ulu Ccmplex which, likewise, are believed to 
reflect anorogenic magmatism (Cooper 1991, A. wilson pers. carm.). 
'!he widespread occurrence of anorogenic intrusives within the Nkcm::> 
Nappe places constraints on the presently-accepted IOOdel for this part 
of the Natal MetaIOOrphic Province. '!he current IOOdel, which invokes 
opllolite o1::duction duril'Y:J continent/continent collision, prq>osed by 
Matthews (1972 1981) am suh:;equently IOOdified to include islam-arc 
accretion ('!homas 1989 1990), is stmU1'Iarised belOW': 
'!he nappes of the TUgela Terrane are interpreted as part of a 
metaIOOq:hosed opllolite sequence that was o1::ducted northwards onto the 
Kaapvaal Craton, along a basal decollement known as the Mfongosi 'lhrust. 
'!he southern limit of the TUgela Terrane (TUgela Group of Matthews 1981) 
is marked by the Matigulu steep Belt, which was interpreted as the root 
zone to the TUgela nappes. '!he Mzurnbe Terrane, which lies to the south 
of the TUgela Terrane, is regarded as a meta-greywacke "flysch apron" 
which was accreted onto the leading edge of a northward-m:::>Vil'Y:J 
continental plate, prior to collision with the southern forelam of the 
Kaapvaal Craton (Matthews 1972, 1981). 
Tankard et al. (1982) noted that, in view of the infolded granitic 
infrastructure within the TUgela Group, the TUgela volcano-sediltentary 
sequence lOOre likely accumulated in an ensialic back-arc basin than in 
an oceanic envirornnent (Tankard et al. 1982). 
'!homas (1989, 1990) IOOdified Matthews' IOOdel am suggested that the 
Natal MetaIOOrphic Province formed by the accretion of juvenile «1300 
Ma) islam arcs onto the Kaapvaal Craton (Fig. S.la, b). '!he 
intervening oceanic floor between the craton am the islam arcs was 
"probably studded with alkali basalt seano.mts, the exposed roots of 
which are represented by the TUgela Ram layered SUite am other 
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Figure 5.1. A series of cartoon diagrans illustrating the possible 
tectono-magmatic evolution of the Natal Metanorphic Province (Figs 5 .1a, 
5 .lb), after 'Ihoma.s (1990). '!his IOOdel invokes the accretion of islam 
arcs onto the southern margin of the Kaapvaal Craton, preserving the 
Tugela Ocean as ophiolite nappes to the north of the suture zone. 
Figures 5.1c to 5.1e illustrate the possible evolution of the Grenville 
Orogeny in Ontario, after Win:Uey (1989). Note that the pre-tectonic 
alkaline complexes are intruded into a rifted continental margin, 
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ANOROGENIC 
• NIASKITIC SYENITE MAGNATISN 
X ANORTHOSITE/GABBRO 
Figm:e 5.2. Map shCYtlirg the distrirution of mid-Proterozoic 
anorogenic magmatic centres in relation to the Grenville Metamorphic 
Province. Data from Wirrlley (1989) am winchester & Max (1987). 
Pre-drift positions of Greenland and Irelarrl from Winchester & Max 
(1987) . 
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5.2.3 <DIpiriscn with the Grenville PI:oviDJe J 
'!he contrastirg IOOdels outlined above recall the siInilar controversy 
surrOlll'Xil.n:J the tectono-magmatic history of the Grenville Orogeny 
(Wirrlley 1989). 
'!he Grenville Province is located in southeast canada arrl is part of an 
extensive mid- to late-Proterozoic lOObile belt that exterrls fran Mexico, 
through Canada, southern Greenlarrl, Irelarrl arrl Scotlarrl to Norway (Fig. 
S. 2) • Several IOOdels have been proposed to explain the develcptellt of 
the Grenville Province in north Amarica: 
Dewey & Burke (1973) SU99'ested that the Grenville Belt was the result of 
continent/continent collision, with thin slivers of cpriolite preserved 
alorg the suture zone. '!his IOOdel is analagous to Matthews' (1972 1981) 
interpretation of the Natal MetaIOOqiric Province. 
SUl:sequently, Wirrlley (1989) stressed that anorogenic continental 
magmatism, durirg the period c.1500 to 1250 Ma, had preceeded the 
Grenvillian Orogeny. He SU99'ested the followirg sequence of events in 




of anorogenic rhyolites, peralkaline granites 
miaskitic ~eline-syenite oamplexes, basic dyke 
gabbros into rifted arrl thinned passive continental 
margin adjacent to the proto-Grenville Ocean. 
(ii) SUJ:rluction of ocean floor away fran the passive continental 
margin caused the develcpnent of a calc-alkaline islarrl arc 
within the Grenville Ocean. 
(iii) Ocean closure at c. 1100 Ma, with subsequent collision of the two 
continental blocks, sarrlwichirg the islarrl arc between them. 
Craton-directed overthrustirg of the previously-thinned passive 
continental margin resulted in transfonnation of the alkaline 
intrusives into elorr:Jate gneissic bodies orientated parallel to 
the Grenville Front. 
-172-
/1 
,/ '!he cxxm:rerx::e of gneissose anorogenic granite am syenite c::x:lTplexes 
within 1x>th the TUgela Terrane am the Grenville Province, allied to 
their mid- to late-Proterozoic age, suggests that the Natal MetaIoorpric 
Province is rut part of the Grenvillian system of nobile belts, with a 
similar origin. '!herefore, it is prqxlSed that the TUgela Terrane is a 
metaIoo~ palaeorift system that evolved on the rifted passive 
margin of the Kaapvaal Craton dur:in:J the initial stages of a wilson 
cycle. 
5.3 Qn:lusic:ms ]7 
'!he anorogenic Nkwaleni SUite, cx::ITpris:in:J the alkaline Ngoye, Bulls Run 
am Wangu intrusives, was emplaced into continental crust prior to the 
c.1000 Ma fabric-formirg event responsible for the Natal MetaIoorpric 
Province. '!he tectono-magmatic history of the TUgela Terrane resembles 
that of the Grenville Province, which is considered to be an awropriate 
analogue. '!he TUgela Terrane is interpreted therefore, not as otducted 
opriolite, rut as a metaIooqilosed palaeorift system. 
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APPENDIX 1 
Modal analyses are presented for the majority of geochemical samples 
(Tables Al.1, Al.2 am Al. 3). Sane of the whole-rock samples collected 
during 1982, prior to the comrnencem:mt of the Ngoye project, do not have 
accompanying IOCldaI data as the entire samples were crushed for 
geochemical analysis am no material retained for thin-sectioning. 
Modal analyses were not perfonned on samples of mylonite, as their 
fine-grain size does not pennit efficient staining or accurate 
identification of felsic minerals. 
Modal analyses were corrlucted on thin sections that were stained for 
K-feldspar, plagioclase am nepheline according to the nethods described 
by Hutchison (1974). In the case of lineated, well-foliated samples, 
sections were cut roth parallel am perpendicular to the lineation am 
the resulting Irode is therefore an average of detenninations in each 
direction. A minimum of 1 000 points were counted per samples, using a 
SWift counter. 
'!he identification of mineral phases was done using conventional optical 
teclmiques. However, accurate detennination of the anorthite content of 
plagioclase proved problematic, mainly as a result of defonnational 
strain effects, so that microprobe analyses were carried out on selected 
samples as an aid to identification. Accurate anorthite contents are 
critical in the classification of alkaline rocks when using IOCldaI data, 
as all plagioclase with less than 5% An is combined with K-feldspar, in 
the QAP diagram (streckeisen 1976a). 
Maps showing the location of rock samples collected for IOCldaI am 
geochemical analyses are given as Figures Al am 4.1. A list of sample 
descriptions is given in Tables I, II am III, with samples arranged in 
order of increasing silica content, per rock type. '!he sample numbers, 
which record fieldrnapping stations, are therefore not in m.nnerical 
order. 
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DESC1UPl'Ial IDCALlTY, FIG. At. 
MAP REFmJ:iHCBS 
N574 Mesocrystic biotite granite AS 
N564 Mesocrystic biotite granite AS 
N2 Mesocrystic biotite granite B6 
N306 Mesocrystic biotite granite C5 
N708 Mesocrystic biotite granite C6 
N584 Mesocrystic biotite granite B7 
C47 Mesocrystic biotite granite C6 
N447 Biotite-hornblende granite B3 
C107 Biotite-hornblende granite C2 
N373 Biotite-hornblende granite C3 
N104 Biotite-hornblende granite B4 
N700 Biotite-hornblende granite C3 
C106 Biotite-hornblende granite C3 
N348 Biotite-hornblende granite C3 
N665 Biotite-hornblende granite B5 
N590 Biotite-hornblende granite B8 
N70l Biotite-hornblende granite B4 
N35l Biotite-hornblende granite D3 
N635 Biotite-hornblende granite Cl 
N675 Biotite-hornblende granite C2 
N664 Biotite-hornblende granite B5 
N2ll Biotite-hornblende granite C5 (Fig. 2.2) 
N6l3 Biotite granite B5 
N705 Biotite granite B6 
N568 Biotite granite AS 
N8 Biotite granite B5 
N604 Biotite granite B5 
N682 Biotite granite B4 
N34 Garnet-muscovite granite B7 
Nll Garnet-muscovite granite B6 
N7l0 Garnet-muscovite granite B7 
































































C5 (Fig. 2.2) 
D1 
C5 (Fig. 2.2) 
D4 
C5 (Fig. 2.2) 
D2 
C5 (Fig. 2.2) 
C5 (Fig. 2.2) 
C5 (Fig. 2.2) 
C5 (Fig. 2.2) 
C5 (Fig. 2.2) 
C5 (Fig. 2.2) 
C5 (Fig. 2.2) 
C5 (Fig. 2.2) 
C5 (Fig. 2.2) 
C5 (Fig. 2.2) 
C5 (Fig. 2.2) 
C5 (Fig. 2.2) 
C5 (Fig. 2.2) 
C5 (Fig. 2.2) 
C5 (Fig. 2.2) 
C5 (Fig. 2.2) 
C5 (Fig. 2.2) 
C5 (Fig. 2.2) 
C5 (Fig. 2.2) 
B5 
IDCALl'lY, FIG. AI. 
MAP REfmIH::ES 
H1 
F7 (Fig. 3.3) 
F7 (Fig.3 3) 
F7 (Fig. 3.3) 
H1 
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B12l Biotite-muscovite syenite G6 
B105 Biotite-muscovite syenite F6 
B237a Biotite-muscovite syenite (mylonite) G4 (Fig. 3.2) 
B95 Biotite-muscovite syenite G4 (Fig. 3.2) 
B54 Biotite-muscovite syenite G3 
B4a Biotite-muscovite syenite F4 (Fig. 3.2) 
B2l8 Biotite-muscovite syenite F6 
B236 Biotite-muscovite syenite G4 (Fig. 3.2) 
B95a Biotite-muscovite syenite G4 (Fig. 3.2) 
OOla Muscovite rcx:::k F7 (Fig. 3.3) 
B213 Feldspathic ijolite F7 (Fig. 3.3) 
B175 Feldspathic ijolite F7 (Fig. 3.3) 
B2l2 Feldspathic ijolite F7 (Fig. 3.3) 
B44 Biotite-~eline syenite F7 (Fig. 3.3) 
B43 Biotite-~eline syenite F7 (Fig. 3.3) 
B233 Biotite-hornbleme ~eline syenite F7 (Fig. 3.3) 
B66 Biotite-hornbleme ~eline syenite F7 (Fig. 3.3) 
BllO Biotite-~eline syenite F6 
000 Biotite-hornbleme ~eline syenite F7 (Fig. 3.3) 
B232 Biotite-~eline syenite F7 (Fig. 3.3) 
002 Biotite-hornbleme ~eline syenite F8 (Fig. 3.3) 
B18l Biotite-hornbleme ~eline syenite F7 (Fig. 3.3) 
B23 Biotite-~eline syenite F5 
B222 Biotite-~eline syenite F4 (Fig. 3.2) 
B96 Biotite-~eline syenite G3 
006 Biotite-nepheline syenite G4 (Fig. 3.2) 
B100 Biotite-nepheline syenite G3 
B42 Biotite-nepheline syenite Gl 
B240 Biotite-nepheline syenite G4 (Fig. 3.2) 
005 Biotite-nepheline syenite G4 (Fig. 3.2) 
B239 Biotite-~eline syenite G4 (Fig. 3.2) 
B122 Biotite-~eline syenite G6 
B238 Biotite-nepheline syenite G4 (Fig. 3.2) 
B4l Biotite-~eline syenite Gl 
B55 Biotite-nepheline syenite G3 
B24l Biotite-nepheline syenite G4 (Fig. 3.2) 
B203 Albite syenite F5 
B204 Albite syenite F5 
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B95b 
B228 Albite syenite 
B183 Albite syenite 
B20 Albite syenite 
BI03 Albite syenite 
B220a Albite syenite 
B227 Albite syenite 
B192 Albite syenite 
B190 Albite syenite 
B220 Albite syenite 
B2I7 l.aIrprqilyre dyke 
B67 l.aIrprqilyre dyke 







B237 Microsyenite (mylonite) 
TABr.E III: WARD 
W435 Magnetite granite 
W434 Magnetite granite 
H27 Magnetite granite 
W149 Magnetite granite 
MZa Magnetite granite 
MZc Aegirine granite 
MZb Aegirine granite 
MZh Aegirine granite 
W23I Aegirine granite 
W235 Aegirine granite 
G5 (Fig. 3.2) 










G4 (Fig. 3.2) 
G4 (Fig. 3.2) 
H1 
G4 (Fig. 3.2) 
G4 (Fig. 3.2) 
G3 
G3 
G5 (Fig. 3.2) 













W234 Aegirine granite C3 
W229 Aegirine granite C3 
W232 Magnetite-aegirine granite C3 
MZg Magnetite-aegirine granite C3 
W233 Magnetite-aegirine granite C3 
MZe Magnetite-aegirine granite C3 
MZf Magnetite-aegirine granite C3 
M228 LaIrprqilyre 03 
W436 LaIrprqi1yre 03 
W227 LaIrprqi1yre 03 
H24 Halamtu Granodiorite Bl 
H23 Halamtu Granodiorite A3 
H17 Halamtu Granodiorite A1 
H18 Halamtu Granodiorite B4 
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2 3 4 
~GO'YE 
TABLE Al.l (1) 
N574 N564 N2 N386 N788 N584 N447 N373 N184 N788 
licrocl ine 23 26 36 35 37 34 44 31 27 38 
plagioclase 32 25 28 35 33 38 21 27 34 38 
quartz 36 38 29 23 25 ~6 28 38 38 18 
biotite 6 7 5 6 5 8 3 3 5 2 
luscovite 1 1 t t 
hornblende 3 8 3 2 
r iebecki te 
aegirine 
epidote 1 t t 
sphene t t t t t t t t 






N348 N665 N598 N781 N351 N635 N675 N664 N211 N613 N785 
licrocl ine 38 38 29 33 31 25 28 27 49 24 38 
plagioclase 29 28 31 26 23 32 29 28 11 28 28 
quartz 26 38 34 32 39 35 29 33 33 44 48 
bi otite 5 5 2 3 2 5 5 5 3 3 2 
luseovite t 




sphene t t ........ t t t 
opaque t t 
garnet 
calcite 
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~ FIGURE 2' 2 
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FIGURE 2' I 
NGOYE COMPLEX 
LOCALITY and GEOLOGY 




4 P LEX 
.S227 
3: •• N710 
N3!! 
FOR SAMPLE LOCALITIES 
SEE FIG 2.2 
6 7 
FOR SAMPLE LOCALITIES 
SEE FIG 3.2 
5 6 7 
SCALE I : 100 000 
8 
SAMPLE LOCALITIES 
SEE FIG 3.3 
o 2 
~I~~~~~ ______ .al km 
SCALE I: 50 000 
8 
FIGURE A-I 
WHOLE - ROCK SAMPLE SITES 
GEOLOGICAL BOUNDARIES AS IN 
FIGURES 2 · 1 a 3 · 1 
WANGU SAMPLES : SEE FIGURE 4 · 1 
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THE AMANZAMNYAMA AREA 
SOUTHERN NGOYE COMPLEX 
SCALE AS SHOWN 
(2) 
N785 N56B NB N684 N6B2 N34 Nil N71B N35 N272 
licTociine 38 2B 38 32 33 38 26 29 33 
plagioclase 2B 35 31 34 2B 36 38 36 15 27 
quartz 48 36 37 34 34 29 39 31 34 
biotite 2 t 2 t 3 3 t 3 
luscovite t 4 2 4 84 
hornblende 







fl uori te t 
zircon t 
fergusonite 
N46B NI68 N54B N5B N338 N145 NIBI N331 CllB N62c 
Ii croci ine 31 34 33 38 31 29 32 48 47 46 
plagioclase 27 38 38 25 29 27 31 22 11 15 
quartz 48 33 38 43 34 41 32 32 39 37 
biotite t 2 5 
luscovite 
hornblende 




opaque t 3 2 
garnet 
calcite 
fl uori te t t t t t 
zircon t t 
fergusonite 
(3) 
N62 N331a N712 NRI89 N63 NI5 NR88 NI93 N62b N62a N21 
licrocl ine 51 29 t t t 19 I 7 63 73 IS 
plagioclase 9 32 13 2 t 26 1 15 24 22 64 
quartz 37 36 49 74 76 49 84 73 4 I 2 






sphene 1 I t t 1 




zircon 3 3 8 t t 2 
fergusonite 1 2 1 t t 
BULLS RUN 
TABLE Al.2 (1) 
B238 B179 B48 B231 B34 B121 B185 B95 B54 B4a B218 B236 
quartz 
licrocline 32 19 13 45 21 31 35 7 34 39 9 38 
plagioclase 49 34 39 28 54 45 36 53 34 43 79 51 
nephel ine 
caner ini te 
biotite 15 6 18 12 3 2 11 14 8 8 9 t 




calcite 11 4 6 3 
apati te t t t 
zircon 




B95a B81a 8213 8175 B212 844 843 B233 B66 B118 B88 B232 
quartz 
licrocline 41 12 11 7 43 35 41 46 25 33 29 
plagioclase 48 5 19 I 29 11 24 II 19 31 22 24 
nepheline 36 39 38 28 8 21 19 8 38 23 
cancrinite t 19 3 7 17 14 17 4 12 
biotite 18 t 23 5 8 7 11 3 3 12 3 8 
IU5covite 2 9S t 3 
hornblende 5 4 3 
aegirine 22 6 1 
riebeckite 
cal ci te 6 t 1 2 3 3 4 2 
apatite t 3 t t 
zircon 
t t t t t 
opaque 3 2 2 2 t 2 2 
pyrochlore 
garnet 7 11 3 1 
sphene 2 2 3 2 
(2) 
B222 B82 B23 B181 B96 B86 BIB8 B42 B24B B85 B239 B122 
quartz 
licrocline 46 52 35 4B 48 52 36 31 38 44 48 29 
plagioclase 19 4 26 19 18 21 33 37 34 18 32 42 
nepheline 19 35 14 14 1 7 18 18 5 3B 15 3 
cancrini te 4 2 9 13 18 8 t IS 6 t 
biotite 18 4 13 5 19 18 11 11 8 I 5 14 




cald te 1 2 3 t 
apatite t t t 
zircon 




B238 B41 B55 B95b B241 B283 B284 B228 1l.183 B28 B183 B228a 
quartz 
Ii crocline 52 26 33 38 42 8 47 16 46 21 18 21 
plagioclase 34 43 49 46 38 49 33 55 36 57 59 S4 
nepheline 6 7 12 18 11 35 5 28 12 13 19 
cancrinite 4 2 5 t 19 t 22 t 
bi otite 2 11 8 5 4 7 1 8 3 8 7 5 
luscovite 5 7 5 1 2 t 
hornblende 
aegirine 
ri ebecki te 
calcite 1 
apat ite t t 





8227 8192 B198 B228 B217 B67 Ba3a 868 B62 B46 
quartz 
licrocline 16 26 19 21 t 3 16 t 2 
plagioclase 69 42 48 78 39 59 43 t t 
nepheline 29 23 25 5 
cancrinite t 2 6 
bi ot ite 3 a 5 4a 29 27 3 12 9 




calci te t t 9 12 9 96 88 85 
apatite t 3 t t t 5 3 
zircon t 




B87 B229 B92 B99a B32 B72 B94 B98 B51 
quartz 6 b b 
licrocline 18 3 29 27 14 34 19 24 29 
plagioclase II 7 16 63 a9 47 69 62 b6 
nepheline 
cancrinite 
biotite 7 23 t 
luscovite 5 
hornblende t 
aegirine t 7 5 13 4 5 
riebeckite t a 
calcite 71 56 58 2 
apat ite t 18 t t 
zircon t t 






W435 W434 H27 W149 lila IIlc IIlb I1lh W231 W235 W234 W229 
licrocline 26 17 36 29 33 23 36 38 38 42 35 15 
albite 39 47 24 25 21 45 31 33 35 25 27 30 
quartz 26 28 34 49 43 22 24 23 25 25 38 41 
biotite I 1 t t 1 t t 3 4 
aegirine 6 7 5 5 4 3 4 
riebeckite t t 1 
opaque 8 6 4 6 3 3 2 5 II 
calci te t 






11232 IIlg W233 IIle lilt W228 W436 W227 H24 H23 H17 H18 
licrocline IS 16 II 17 14 5 7 6 2 7 4 18 
albite 21 19 17 13 15 23 34 37 61 63 69 52 
quartz 48 43 52 48 55 27 24 24 26 
biotite t 2 63 52 45 5 5 3 3 
aegirine 15 12 12 15 9 
riebecki te t t t 
opaque 8 18 9 7 5 t t t 
calcite 6 4 8 
apatite 3 2 2 
fluori te 
sphene t t 
hornblende t t t 
serici te I t t t 
epidote 3 t t t 
-15-
Al'PEH>IX 2 
A2 .1 Major am trace elements 
Major- am trace-element geochemical data for whole-rock sanples fran 
Ngoye, Bulls Run am WanJU are presented in Tables A2 .1. A2. 2 am A2. 3 • 
SaIrple size varied accordin:J to the grain size of the irrlividual rocks, 
with approxllnately 3 kg collected in the case of fine-grained speciIoons 
such as Bulls Run microsyenite arrl albite syenite am the WanJU 
granites. eoarser-grained granitoids like the Ngoye biotite/hornblerrle 
granites am the Bulls Run nepheline syenites necessitated the 
collection of larger sanples of same 10 kg, in order to obtain 
representative geochemical analyses. All sanples were dressed in the 
field to remove oxidised material, prior to crushing am millin;J in the 
Geology Depart::Ioont at UCM. Representative aliquots were suJ:::Jnitted to Dr 
M R Sharpe at Pretoria University for XRF analysis usin;J starrlard 
techniques described by Norrish & Hutton (1969). 
REE determinations were carried out on selected representative powders 
su1:::mitted to Dr J N Walsh, Bedford New College, UK, usin;J ICP 
techniques . Realistic workin;J detection limits by this method are 
approxllnately 1 x chorrlritic a1::A.1OOance (C.A.) for IOOSt REE, exceptin;J EX 
(2 x C.A.) am Pr (10 x C.A.). '!he precision is noted as 5 to 10%, 
unless workin;J close to detection limits. '!he high levels of Sr am Ba 
in some of the Bulls Run samples caused problems with Pr detection am 
there analyses are denoted as "not detected" in the table. '!he 
REE-enriched magnetite-quartz veins fran Ngoye were analysed to within 
10 ppm. All valus were nonnalised relative to chorrlritic a1::A.1OOance data 
given by Nakamura (1974). 
Durin;J 1989 all samples containin;J IOOdaI calcite were suJ:::Jnitted to the 
Geological SUrvey for (X)2 arrl FeO determinations by Mr G Trojack, 
usin;J infrared spectroscopy arrl redox titration analysis respectively. 
In addition to the calcite-bearin;J sanples, all peralkaline rocks were 
analysed for FeO, in view of the fact that peralkaline rocks typically 
have higher Fe203/FeO ratios than metaluminous am peraluminous 
varieties. SaIrples collected subsequent to 1989, mainly fran Wangu, 
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have not been analysed for CX)2 or FeO. '!hus for these sanples, Fe is 
presented as total F~03' 
In those sanples for which CX)2 was detennined, the value given for 
"LOI" is the difference between the mass lost during fusion am total 
CX)2 • 
A2 • 2 Rb am Sr Isotopes 
Rb am Sr concentration measureroonts am Rb/Sr ratios for mineral sepa-
rates were detennined by isotope dilution mass-spectranetry (ID) at the 
CSffi., whereas the granitoid pc7Irlers were analysed by XRF at the 
University of Pretoria using an ARL 8420 with rhodium tube. '!he Rh 
Compton peak was lOOnitored am used to correct for matrix effects. Data 
reduction was perfonned by IOOanS of software developed by Rockla1::s 
Developnent CC. 87Sr/86Sr ratios were generally detennined fran 
unspiked aliquots. All 87Sr/86Sr ratios are nonnalised to 
86Sr/88Sr = 0.1194. Rb am Sr blanks measured during the course of 
this study were less than 1 ng am are thus negligible relative to the 
concentrations in the sanples. Values obtained for strontium st:arrlard 
NBS 987 were 0.71026±2. 
Data were regressed using the method of York (1969), as inpleroonted in 
version 2.0 of the GEDDA'I'E computer package (Eglington & Hamer 1989, 
modified 1990). '!he value of MSWD (= MSUM, Brooks et al., 1972) was 
used to disti.rguish isochrons from errorchrons am was assumed on the 
basis of 60 replicates at the 5% level of significance. Uncertainty 
limits quoted for dates am initial 87Sr/86Sr (hereafter Ro) are for 
95% confidence. '!he decay constant for 87Rb is 1.42 x 10 -11 yr 
-1 (steiger & Jager, 1977). 
Hamer (1985), Eglington (1987) am Eglington am Hamer (1989) provide 
lOOre detailed descriptions of the analytical am data processing tech-
niques followed at the CSffi.. 
A2 . 3 Ngoye Conplex 
Whole-rock major- am trace-eleroont data for 58 Ngoye sanples are presen-
ted as Table A2.1 '!his includes the 27 analyses previously described by 
Scogings (1985), in conjunction with an additional set of 31 sanples col-
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lected during the present study. REE were detennined on 20 selected 
samples. '!he low totals for ''major elenelts" in the magneti~ 
veins are due to high concentrations of the "trace elenelts" Nb, Zr, Zn, 
REE, U am '!h. 
A2 . 4 Bulls Run carplex 
A total of 69 whole-rock samples fran Bulls Run were analysed for major-
am trace-elenelt concentrations am are presented as Table A2. 2 • REE 
were detennined on 22 representative samples. 
A2 . 5 WCID3U Granite 
In addition to the data presented by Scogings (1990), 7 extra samples 
were analysed for major- am trace-elenelts to bring the total mnnber of 
analyses at WCID3U to 20, as given in Table A2.3. REE were detennined on 
7 representative specimens. 
~\GOYE 
TABLE A2.1 (1) 
N574 N564 N2 N316 N718 N584 C47 N447 C117 N373 N114 N781 
Si02 71.79 72.44 72.58 72.98 73.51 74.13 74.68 72.12 73.15 73.18 73.51 73.68 
Ti02 8.43 8.42 8.27 8.22 8.38 1.29 1.22 1.49 8.37 8.32 8.29 1.44 
Al203 13.54 13.14 13.61 13.41 13.52 12.84 12.86 12.78 11.83 12.37 12.98 11.8' 
fe2D3 8.44 8.46 8.36 8.38 8.23 1.47 8.48 8.81 8.74 1.55 1.41 8.71 
feD 2.19 2.29 1.82 1.91 2.01 2.33 1.59 4.84 2.65 2.77 2.06 3.56 
linD 1.14 1.1)6 1.15 1.15 1.17 1.16 1.15 1.11 1.11 1.17 1.15 1.11 
IIg0 1.56 1.55 8.35 1.39 1.24 1).27 1.18 1.28 1.25 1.21 1.41 1.18 
CaO 1.25 1.57 1.18 1.11 1.24 1.66 1.74 1.24 8.91 1.86 1.11 1.93 
Ha20 4.88 3.28 3.44 3.59 3.68 3.74 4.24 4.86 ' . 3.62 4.39 3.82 3.95 
K20 4.52 5.26 5.39 5.48 4.92 4.85 5.13 4.66 4.66 4.53 4.91 4.66 
P205 8.14 8.12 1.14 8.86 1.82 1.86 1.18 8.06 1.05 1.15 
LOI 8.36 8.19 1.31 8.12 1.28 1.26 1.29 1.34 1.53 1.21 1.14 1.25 
Total 99.34 99.78 99.31 99.54 111.15 99.82 118.16 11'1.11 98.86 99.51 99.67 188.31 
Zn 34 44 43 51 18 75 56 148 128 84 61 219 
Sa nd 17 21 21 17 24 nd nd nd nd 22 22 
Nb 23 22 24 31 32 37 37 51 51 42 28 52 
Zr 198 225 257 268 322 385 297 839 713 478 333 847 
Y 22 34 39 55 45 54 34 83 181 55 52 138 
U 4 5 7 3 5 4 
Th 25 19 17 25 18 16 17 11 8 16 21 14 
Pb 9 21 28 21 26 24 29 11 16 6 19 17 
Rb 166 157 197 289 199 217 211 98 84 126 175 113 
Sr 282 212 148 122 125 99 114 184 52 89 143 85 
Ba '937 1218 1886 817 731 765 753 1886 711 825 1931 1738 
Sn nd nd nd nd nd nd nd nd nd nd 
La 57.66 112 63.19 188 78 96.78 ' 31 57.66 423 nd 122 348 
Ce 119.65 154 123.49 213 174 191.81 82 i19.65 868 nd 241 474 
Pr 18.27 nd 12.39 nd nd 19.35 nd 18.27 nd nd nd nd 
Nd 38.61 65 58.81 83 71 75.61 41 38.69 nd nd 114 228 
s. 6.47 nd 9.28 nd nd 13.45 nd 6.47 nd nd nd nd 
Eu I. 29 nd 1.32 nd nd 1.52 nd 1.29 nd nd nd nd 
6d 5.4B nd B.36 nd nd 11.46 nd 5.4B nd nd nd nd 
Oy 4.51 nd 7.53 nd nd 9.75 nd 4.59 nd nd nd nd 
Ho 1.91 nd 1. 56 nd nd 2.12 nd 8.91 nd nd nd nd 
Er 2.81 nd 4.64 nd nd 6.82 nd 2.81 nd nd nd nd 
Yb 2.63 nd 4.21 nd nd 5.62 nd 2.63 nd nd nd nd 
Lu 8.44 nd 8.64 nd nd 8.88 nd 1.44 nd nd nd nd 
P. I. 1.86 8.84 8.B4 8.88 8.B4 8.89 8.97 8.92 8.93 1.98 8.89 8.98 
Na20tK20 8.69 8.54 8.83 9.87 8.61) 8.59 9.27 8.72 8.28 8.n 8.72 8.61 
Na20/K20 8.98 8.62 8.64 8.66 1.75 1.77 8.84 8.87 8.78 8.97 1.78 8.85 
Rb/Sr 1.82 1.78 1.33 1.71 1.59 2.89 1.84 1).87 1.62 1.42 I. 22 1. 21 
Y/Nb 1).96 1.55 1.63 1.83 1.41 1.46 8.92 1.63 3.62 1.31 1.86 2.65 
(2) 
C186 N348 N665 N598 N781 N351 N635 N675 N664 N211 N613 N715 
Si02 73.91 74.92 14.87 74.53 74.57 75.18 75.18 75.52 75.76 76.86 75.21 76.38 
Ti02 1.38 1.26 8.33 1.27 8.32 1.22 8.27 8.28 '.38 8.18 8.17 1.17 
A1203 12.96 12.48 12.22 12.23 12.59 11.96 11.75 11.77 11.41 11.63 13.97 13.16 
Fe203 11.63 8.46 8.49 8.48 1.58 9.51 8.58 8.47 8.53 1.85 1.21 1.12 
feO 2.26 2.39 2.44 2.411 2.51 2.48 2.511 2.36 2.67 1.35 1.95 1.81 
"nO 8.86 1.85 1.19 8.88 '.86 1.88 8.19 11.17 1.99 1.15 8.13 1.13 
"gO 1.12 1.95 8.31 1.15 9.38 9.12 9.19 8.16 8.36 1.86 1.15 
CaD 8.57 1.47 1.16 8.58 1.25 II. 73 1.43 8.63 1.99 1.36 8.55 1.62 
Ha20 3.71 3.93 3.82 3.98 3.56 3.39 - 4.111 3.97 3.54 4.38 4.41 3.67 
K20 5.18 5.21 5.47 4.95 4.72 5.85 4.65 4.48 4.59 4.41 4.41 5.14 
P205 8.84 9.92 9.92 9.112 9.95 8.81 8.81 
Lo} 1.51 1.44 1.22 8.14 1.26 8.12 1.21 1.28 1.16 1.17 9.33 1.31 
Total 99.25 99.67 99.83 99.79 181.73 99.83 99.87 181.81 181.52 191.43 99.37 111.42 
Zn 92 189 74 89 86 136 131 96 99 136 31 43 
6a nd 28 18 21 21 23 24 24 19 nd nd 17 
Nb 51 32 34 37 38 42 43 39 39 28 37 33 
Zr 592 455 496 578 431 693 541 646 522 374 112 69 
Y 86 77 59 82 71 98 88 89 76 51 73 43 
U 7 7 5 4 41 II 
Th 15 7 16 12 28 15 19 11 15 11 62 32 
Pb 21 22 27 21 24 24 16 18 19 4 23 36 
Rb 122 97 195 131 151 133 113 97 146 136 345 315 
Sr 56 52 135 57 181 61 55 51 95 21 5 7 
Ba 622 596 1218 699 751 718 646 1217 779 256 18 18 
Sn 8 Ad nd nd nd nd nd nd Ad nd 
La 152 nd 128.85 281 193 156.25 . 136 237 191 nd 42.68 7 
Ce 3611 nd 258.58 347 355 3119.73 . 242 2611 185 nd 97.31 22 
Pr nd nd 29.31 nd nd 35.116 nd nd nd nd 11.18 nd 
Nd 171 nd 124.11 1311 133 142.811 124 111 88 nd 42.28 3 
s. nd nd 21.17 nd nd 25.89 nd nd nd nd 11.85 nd 
Eu Ad nd 2.27 nd nd 2.52 nd nd nd nd 8.24 nd 
6d nd nd 16.98 nd nd 22.21 nd nd nd nd 9.65 nd 
Dy nd nd 13.17 nd nd 18.25 nd nd nd nd 11.111 nd 
Ho nd nd 2.64 nd nd 3.74 nd nd nd nd 2.42 nd 
Er nd nd 7.39 nd nd 11.66 Ad nd Ad nd 7.53 nd 
Yb nd nd 6.43 nd nd 9.29 nd nd nd nd 7.55 nd 
Lu nd nd 1.81 nd nd 1.44 nd nd nd nd 1.17 nd 
P. I. 8.96 8.97 11.89 11.97 1.87 8.92 1.99 9.97 9.95 1.92 8.99 1I.8B 
Ha20+K20 B.79 9.14 8.49 B.93 B.28 8.44 8.75 8.45 8.13 8.71 8.Bl B.81 
Na2o/K20 8.73 8.75 8.55 8.88 8.75 8.67 8.88 8.B9 8.77 8.9B 1.811 11.71 
Rb/Sr 2.18 1.87 1.44 2.31 1.51 2.18 2.85 1.98 1.54 6.48 69.11 43.57 
Y/Nb 1.69 2.41 1.74 2.22 1.87 2.14 2.15 2.28 1. 95 1.82 1.97 1.38 
(3) 
N568 N8 N684 N682 N34 Nll N711 N35 N272 N468 N168 N548 
Si02 77.12 77.33 77.38 77.57 76.% 77.38 77.44 47.87 76.83 76.81 77.16 77.48 
Ti02 1.82 8.84 8.86 8.89 B.Bl I.B2 1.11 I.IB B.19 1.19 1.17 B.l1 
Al203 12.18 11.97 12.88 12.25 13.92 12.% 12.84 27.59 11.53 II. 21 11.45 11.19 
fe203 B.14 B.13 B.15 1.21 I.B7 B.17 1.18 1.47 1.41 1.16 1.19 1.97 
feO 1.69 8.67 1.75 1.15 9.54 1.68 8.68 7.35 1.28 1.28 1.46 1. 42 
"nO 1.12 B.12 1.11 B.12 9.11 1.88 1.16 1.15 B.15 B.15 1.16 1.16 
"gO 1.16 8.15 1.82 8.14 8.83 1.11 8.18 1.13 1.86 1.13 1.13 1.15 
CaO 1.38 1.31 1.32 1.48 8.15 1.25 8.17 1.31 1.26 1.43 1.19 
Ha20 4.11 3.87 3.39 3.84 4.87 4.48 4.31 1.64 4.54 3.82 3.85 4.B4 
K20 4.91 4.75 5.38 4.83 4.14 4.41 3.91 9.17 4.59 4.81 4.65 4.62 
P205 1.12 1.81 8.92 8.11 8.82 
lOI B.ll 8.17 B.18 8.26 1.36 B.22 8.41 3.82 1.21 8.29 B.19 1.13 
Total 99.73 99.31 99.64 111.66 99.36 111.69 99.98 98.82 IBI.31 99.14 IB8.54 181.26 
Zn IB 33 16 29 122 33 28 925 147 144 121 123 
6a 19 19 17 nd 29 nd 38 112 nd nd 27 27 
Nb 35 31 16 22 37 64 35 91 28 59 33 39 
Zr 89 88 % 122 65 97 64 55 3~ 527 339 443 
Y 38 29 16 29 8 76 15 B 74 79 82 78 
U 12 18 8 28 5 14 4 5 7 
Th 41 36 45 56 11 32 18 5 5 14 11 IB 
Pb 26 41 24 19 92 68 61 119 8 21 17 12 
Rb 385 249 226 266 1147 724 IllS 4468 151 144 123 126 
Sr 5 38 24 I 3 4 2 16 8 8 17 14 
Sa 41 147 24 16 IB 3 19 67 214 212 248 195 
Sn nd nd nd 81 7 nd 572 nd nd 
La nd 19.29 IB nd 2.52 17 3 nd 79 B8.67 86 
Ce nd 54.82 73 nd 5.31 41 2 nd 192 198.21 86 
Pr nd 5.12 nd nd 1.22 nd nd nd nd nd 22.13 nd 
Nd nd 19.21 nd 3.81 27 89 91.21 44 
S. nd 4.43 nd nd 1.63 nd nd nd nd nd 19.49 nd 
Eu nd 8.35 nd nd I.B4 nd nd nd nd nd 1.48 nd 
6d nd 4.45 nd nd 9.85 nd nd nd nd nd . 18.28 nd 
Dy nd 5.65 nd nd 1.99 nd nd ( nd nd nd 16.55 nd 
Ho nd 1.25 nd nd 1.54 nd nd nd nd nd 3.39 nd 
Er nd 4.27 nd nd 2.65 nd nd nd nd nd 9.51 nd 
Yb nd 4.75 nd nd 6.51 nd nd nd nd nd 7.98 nd 
Lu nd 1.73 nd nd 1.14 nd nd nd nd nd 1.19 nd 
P.I. 1.99 1.96 8.94 8.94 1.86 8.94 I.B9 9.41 I.B8 1.13 1.99 1.14 
Ha20+K20 9.82 8.62 8.69 8.67 8.21 8.89 8.22 9.71 9.13 8.62 8.51 8.66 
Ha20/le20 B.84 1.81 1.64 B.81 9.9B 1.12 1.11 B.17 B.99 I.BI 1.83 1.87 
Rb/Sr 61.81 8.38 9.42 266.91 34'3.B8 181.88 512.58 278.75 18.88 18.88 7.24 9.81 
Y/Hb 1. 99 8.94 I.BI 1.32 B.22 1.19 B.43 'UB 2.64 1.34 2.48 2.11 
(4) 
C46 N58 N331 N145 N142 N181 N331 C1l8 N62c N62 N331a N712 
Si02 78.47 78.64 76.78 77.58 77.61 77.59 76.45 76.55 77.15 77.65 77.68 58.24 
Ti02 8.11 8.11 1.11 8.11 8.18 8.89 8.16 8.12 8.84 8.13 8.18 1.72 
AI203 11.48 11.56 IB.93 18.87 11.45 IB.81 11.32 11.52 11.73 18.92 11.13 1.81 
fe203 8.68 1.89 1.44 1.82 1.29 2.35 2.36 1.12 1.53 1.79 1.28 3.91 
feO 8.62 8.71 1.95 8.72 1.44 8.94 8.25 8.66 8.91 1.76 1. 26 31.54 
"nO B.82 B.82 1.11 1.13 B.13 8.86 1.14 1.11 8.12 1.82 1.11 1.38 
"gO 8.B8 1.81 1.15 8.11 8.13 8.11 1.83 1.82 1.22 
CaO 8.86 8.111 B.15 8.Bl 1.11 B.34 1.21 8.38 8.13 8.11 4.Bl 
Ma20 4.28 3.68 4.84 4.83 3.88 4.89 . 4.11 3.88 5.38 3.78 4.82 8.14 
1(20 4.52 4.59 4.14 4.B8 4.65 4.25 4.47 6.14 2.99 4.82 · 3.93 B.87 
P205 8.11 8.82 8.81 1.82 1.81 1.27 
LOI 8.21 8.23 8.27 8.14 8.31 8.13 B.33 8.49 8.13 1.89 8.23 1.29 
Total 118.38 191.65 99.63 111.24 99.76 111.15 99.84 99.95 181.27 IB8.13 118.57 95.58 
Zn 35 78 241 251 155 328 181 57 52 89 181 1775 
Sa nd 25 nd nd 28 nd 23 nd 21 nd 29 
Nb 48 38 35 43 15 26 45 38 94 46 69 3843 
Ir 344 444 699 784 367 698 831 458 H5 462 774 8721 
Y 46 45 196 14 22 15 132 87 86 76 181 2459 
U 4 3 12 8 2B2 
Th 12 11 3 4 18 9 2B 9 21 1123 
Pb 8 7 1 I I 39 26 16 3 34 94 
Rb 156 133 242 227 191 267 153 241 93 155 175 5 
Sr 2 8 3 8 14 64 26 5 24 
Ba 49 145 11 11 49 11 58 128 288 289 41 76 
Sn 19 nd 14 9 nd 6 nd nd nd 
La 19 IBI nd 75.38 nd nd 119.64 81 44 51.91 99.19 nd 
Ce 128 163 nd 161.13 nd nd 247. B6 132 64 113.88 289.53 3226 
Pr nd ndn nd 17.58 nd nd 27.95 nd nd 13.16 25.13 nd 
Nd 26 53 nd 67.69 nd nd 111.38 86 23 53.31 191.41 1473 s. nd nd nd 13.89 nd nd 27.112 nd nd 13.68 2S.BS nd 
Eu nd nd nd 1.46 nd nd B.72 nd nd 9.69 8.63 nd 
6d nd nd nd 8.93 nd nd 26.88 nd nd 13.94 22.17 nd 
Dy nd nd nd 6.18 nd nd 24.59 nd nd 15.28 18.91 nd 
Ho nd nd nd 1.18 nd nd 4.97 nd nd 3.19 3.58 nd 
Er nd nd nd 3.57 nd nd 13.56 nd nd 8.71 9.75 nd 
Yb nd nd nd 4.91 nd nd 11.22 nd nd 7.Bl 8.41 nd 
Lu nd nd nd 1.79 nd nd 1.75 nd nd 9.89 1. 21 nd 
P. I. 8.99 I.B5 1.14 1.14 I.Bl 1.85 1.13 1.82 I.B3 I.B5 1.88 8.17 
Na20+1(20 8.88 8.27 8.98 8.91 8.53 9.14 8.58 9.22 8.37 8.61 8.75 8.21 
Na20/K20 8.95 B.88 1.17 1.18 B.83 1.15 8.92 B.5B 1.88 8.78 1.23 2.B8 
Rb/Sr 78.88 16.63 88.67 nd nd nd 19.13 17.14 1.45 5.96 35.88 1.21 Y/Hb 8.96 1.18 5.61 8.33 1.47 8.58 2.93 2.29 8.91 1.65 1.46 8.64 
(5) 
NR189 N63 N15 NR88 N17 N193 N19 NS2b NS2a N21 
Si02 63.49 66.55 71.32 71.31 71.92 76.92 78.81 63.79 65.12 58.99 
Ti02 1.35 8.61 8.24 1.91 8.87 8.48 8.35 8.14 1.22 1.55 
AI203 1.29 Lit 6.17 8.44 6.51 1.86 1.29 17.64 18.38 18.72 
Fe203 18.53 12.31 9.51 15.14 8.17 9.92 2.79 2.19 1.32 1.93 
reO 11.67 8.26 6.39 9.73 5.58 6.93 13.97 3.36 2.B2 2.86 
"nO 8.14 B.ll 8.17 B.18 1.18 B.88 B.16 1.12 8.B5 1.18 
"gO '.B6 8.25 8.28 1.39 
CaD 8.86 8.B2 B.16 8.15 B.31 8.17 B.87 8.15 6.'3 
Ha20 8.43 1.34 2.29 1.14 3.94 2.11 I.B8 3.89 2.18 6.2' 
K20 B.45 '.13 2.58 B.B4 8.32 B.85 8.11 7.84 11.16 3.B7 
P205 8.18 1.17 I.B4 '.83 1.1' 1.83 B.B8 8.12 8.82 I.SS 
LO} B.24 1.59 8.11 1.11 1.36 1.42 B.15 B.76 8.57 8.78 
Total 97.69 91.86 98.87 98.17 98.16 98.59 96.66 IBI.17 IIt.47 99.75 
Zn 985 2278 622 681 116 281 744 75 45 76 
Sa nd nd nd nd nd 33 
Nb 8797 13539 1886 56 4215 3572 5921 74 114 58 
Zr 2%95 49771 3443 3285 41% 6511 6535 587 955 717 
Y 4788 2127 265 584 856 1116 1332 64 81 129 
U 394 IB.4 141 85 495 267 788 5 4 
Th 1865 1188 54 84 3353 368 576 11 32 28 
Pb 253 289 42 24 489 274 129 2 8 21 
Rb 27 16 95 2 23 38 4 276 418 189 
Sr 15 7 6 61 11 17 31 247 
Ba 58 8 56 21 185 87 14 217 658 452 
Sn 115 57 113 24 1936 nd 34 12 
La 961.BI 76.75 482 82.31 nd 7'.88 24 nd 113.62 193.65 
Ce 2351.BI 458.42 763 342.61 335 337.66 389 nd 247.41 391.22 
Pr 338.11 61.85 nd 58.27 nd 36.16 nd nd 28.35 42.17 
Nd 1761.19 361.61 669 334.38 211 194.12 178 nd 112.8 168.4 
s. 658.BI 231.11 nd 121.61 nd 122.23 nd nd 25.97 31.56 
Eu 41.91 18.95 nd 6.98 nd 6.% nd nd 1.14 3.49 
Sd 948.81 358.85 nd 119.91 nd 178.66 nd nd 21.17 27.49 
Dy 1539.11 711.23 nd 122.14 nd 332.91 nd nd 13.63 24.46 
Ho 38'.9' 172.65 nd 24.66 nd 74.37 nd nd 2.72 4.98 
Er 1158. BI 597.85 nd 64.24 nd 222.59 nd nd 8.16 14.92 
Yb 97B.81 588.59 nd 52.21 nd 192.86 nd nd 7.44 11.82 
Lu 138.88 65.15 nd 7.16 nd 23.96 nd nd 1.11 1.7 
P. I. B.93 B.71 1.88 8.63 1.85 1.11 8.46 8.85 B.85 B.72 
Na20+K20 B.88 1.47 4.87 1.18 4.26 _ ·2.86 9.99 11.73 13.34 9.27 
Na20/K20 B.96 2.62 9.89 3.58 12.31 2.36 8.11 1.5B B.21 2.12 
Rb/Sr 1.81 2.29 15.83 nd 1.38 3.89 nd 16.24 13.16 1.44 
Y/Nb 8.54 1.16 8.14 IB.43 1.2B 1.28 8.23 8.86 B.78 2.22 
BULLS RUN 
TABLE A2.2 (1 ) 
B238 B179 B48 B231 B34 B121 BIBS B237a B95 B54 B4a B218 
Si02 49.58 51. 91 53.78 54.89 56.69 57.22 57.35 57.74 57.77 58.84 58.56 68.25 
Ti02 8.46 8.65 8.56 8.89 8.34 8.31 8.88 8.64 1.63 8.56 8.26 8.16 
Al203 18.28 23.14 25.57 21.18 22.12 21.88 28.79 18.45 23.18 23.16 23.89 21.18 
fe203 1.44 2.18 1.86 1.35 1.13 8.92 I.B8 8.48 8.79 1. 37 1.83 1.39 
feO 2.97 3.23 1.51 4.91 1.58 1. 76 2.98 3.83 3.53 2.33 1.56 3.18 
"nO 8.17 8.19 8.11 8.13 1.15 8.88 8.13 8.14 8.86 8.87 8.83 8.12 
"gO 8.62 8.35 8.14 8.25 8.48 8.44 8.45 1.75 8.73 8.43 8.25 8.88 
CaO 9.58 3.79 2.16 1.49 2.99 3.52 2.18 3.83 8.68 8.46 8.19 8.84 
Ha20 3.88 3.78 4.82 3.26 5.1I 5.13 4.41 6.82 5.93 4.94 4.37 6.57 
1<20 4.69 6.85 6.22 8.61 6.32 5.24 7.83 5.54 5.77 7.49 8.11 4.49 
P205 1.74 8.31 B.84 1.13 8.28 8.86 8.11 1.36 8.83 
LOI 8.72 2.88 2.33 1.85 1.16 2.58 1.77 2.68 1.37 1.4B 1.46 8.73 
CO2 5.97 2.39 I. 41 1.13 2.81 1.28 1.61 nd 8.45 8.37 8.12 8.69 
Total 181.82 99.97 99.71 99.17 188.18 188.26 99.68 99.58 188.89 18B.62 99.72 99.55 
Zn 55 78 48 165 28 32 71 65 57 43 24 87 
6a 2B 19 17 18 19 18 17 18 21 16 19 23 
Nb 89 189 76 129 49 191 281 151 287 61 73 249 
Zr 183 224 65 71 IB6 59 439 422 98 91 IB7 531 
Y 18 IS 18 8 6 7 IS 2 9 
U 46 8 49 
Th 
Pb 6 112 11 18 6 9 8 5 
Rb 118 283 183 298 186 134 291 168 199 176 193 248 
Sr 2958 1311 766 915 1529 935 743 1271 586 959 591 168 
Sa 2371 1964 2283 528 4139 1465 1325 1451 1484 863 11I1 86 
La 73 69.24 nd 52 34.56 nd 38.64 nd nd 5.88 nd 14.83 
Ce 166 136.37 47 58 65.82 82 72.82 nd nd 1I.19 nd 25.28 
Pr nd 17.16 nd nd nd 8.76 nd nd nd 1.93 
Hd 64 54.98 19 28.61 51 24.91 nd nd 5.51 nd 9.11 
S. nd 7.83 nd nd 3.68 nd 2.76 nd nd 8.51 nd 1.17 
Eu nd 2.34 nd nd 1.35 nd 8.75 nd nd B.32 nd 8.38 
6d nd 6.22 nd nd 3.25 nd 2.52 nd nd 1.71 nd 1.25 
Dy nd 3.89 nd nd 1.89 nd 1.51 nd nd 8.36 nd 1.8<) 
Ho nd 8.88 nd nd 8.38 nd 8.36 nd nd 8.89 nd 8.25 
Er nd 2.19 nd nd 1.12 nd 1.14 nd nd 8.37 nd 8.95 
Yb nd 1. 91 nd nd 11.65 nd 1.88 nd nd 8.17 nd 1.91 
Lu nd 8.38 nd nd B.13 nd 8.21 nd nd 8.94 nd 8.16 
P. I. 8.63 8.55 B.52 8.69 B.69 8.65 B.72 B.72 B.69 B.71 1.71 8.74 
Ha20+1<20 8.57 9.83 IB.24 11.87 11.43 11.37 11.44 11.56 11.71 12.43 12.47 11.86 
Na20/K20 8.83 B.62 1.65 1.38 1).81 9.98 8.63 1. 89 1.83 8.66 8.54 1.46 Rb/Sr 9.84 8.15 8.24 8.32 8.87 B.14 8.39 8.13 8.34 8.18 B.33 1.48 Y/Nb B.2B B.14 1.13 B.88 8.16 8.B3 1J.B3 8.18 B.B8 B.83 8.18 8.14 
(2) 
B236 B95a BBla B213 B175 B212 B44 B~3 B233 B66 B119 BB9 
Si02 69.~6 68.69 45.B7 ~7.B5 4B.98 48.23 48.48 4'3.4'3 51.87 51.18 51.36 51.51 
Ti02 1.24 1.17 9.59 1. 21 1.36 1.11 1.21 1.83 B.78 8.91 9.75 1t.B2 
A1203 23.'35 22.42 35.35 28.29 28.39 21.57 21.59 22.18 22.15 21.58 22.58 21.86 
Fe203 B.B5 B.44 2.41 2.41 4.18 2.27 2.59 1.32 9.77 2.65 1.52 2.99 
FeO 8.25 9.76 9.25 4.12 2.59 3.86 3.41 3.51 3.83 2.59 2.92 1. 98 
"nO 8.81 8.83 8.81 8.22 8.23 9.28 9.19 9.1B 9.19 9.17 8.17 B.16 
"gO 8.11 8.18 8.22 8.7B 1.35 1.73 1.71 8.73 9.4'3 8.91 9.68 8.65 
CaO 9.12 1.25 IU9 6.49 6.79 5.72 4.18 3.96 4.84 4.84 3.77 3.69 
Na20 6.98 6.84 9.'3'3 7.48 7.8'3 8.72 6.61 6.56 7.91 6.88 7.22 7. '31 
K20 6.11 5.12 18.58 5.83 5.58 5.47 7.39 7.26 6.B4 7.32 6.22 6.58 
P205 9.B3 8.94 9.87 8.53 B.61 B.49 9.63 9.34 9.43 9.31 9.34 9.38 
LOI 1.51 1.12 4.36 B.76 8.64 8.47 9.72 1.61 1. 99 8.53 2.42 B.62 
CO2 9.11 1.92 9.94 3.79 9.55 1.99 1. 93 1.68 nd 9.82 1.99 9.'3B 
Total 99.83 191.9B 19B.74 198.78 199.15 99.64 99.64 99.B4 99.49 99.73 IBB.B7 99.87 
Zn 6 19 2 86 67 57 74 65 49 56 51 52 
Sa 18 21 2B 14 17 15 15 12 11 12 15 1~ 
Nb 39 6~ 133 224 219 171 181 166 169 177 153 167 
Zr 39 13 13 147 15~ 159 IB2 172 152 IB~ 212 2BI 
Y I 4 4 17 21 22 21 18 8 12 14 14 
U 1 11 3 5 7 
Th 3 8 6 8 6 
Pb 6 7 1 4 19 4 
Rb 199 114 2BB 197 158 153 246 213 299 218 178 1'37 
Sr 537 B54 211 IB79 15B6 12B4 19B2 1776 29B9 1754 1543 2155 
Ba 2582 1171 1866 1624 1793 1745 2496 2794 1656 2342 1875 2937 
La 6 8 nd 115.BB 12B.38 92 113 63 114 24 52 83.23 
Ce nd nd nd 249.89 237.24 193 181 68 177 59 89 159.55 
Pr nd nd nd nd 27.29 nd nd nd nd nd nd 21.2B 
Nd nd 2 8.B9 74.B' 95.B9 78 62 196 29 53 62.7' 
s. nd nd nd nd 13.58 nd nd nd nd nd nd 8.34 
Ell nd nd nd nd 4.23 nd nd nd nd nd nd 2.76 
Sd nd nd nd nd 18.14 nd nd nd nd nd nd 6.68 
Oy nd nd nd nd 5.72 nd nd nd nd nd nd 3.89 
Ho nd nd nd nd 1.97 nd nd nd nd nd nd 8.77 
Er nd nd nd nd 2.77 nd nd nd nd nd nd 2.B2 
Yb nd nd nd nd 1.84 nd nd nd nd nd nd 1.42 
LII nd nd nd nd B.31 nd nd nd nd nd nd B.26 
P.I. B.69 9.75 B.37 B.88 9.93 B.94 B.B7 8.84 B.88 B.89 B.83 '.92 
Na20+K20 12.19 It. 96 11.57 12.51 13.47 14.19 14.9B 13.82 13.95 14.2B 13.44 14.48 
Na20/K20 1.9B 1.34 8.B9 1.49 1.41 1.59 8.89 8.9B 1.31 9.94 1.16 1.22 
Rb/Sr B.19 1.13 9.99 1.18 B.IB B.12 B.12 B.12 B.IB 9.12 B.12 B. Ie 
Y/Nb 9.B3 9.96 9.B3 9.9B 9.11 9.13 9.12 9.11 9.85 9.97 9.19 8.9B 
(3) 
B232 BB2 BIBI B222 B23 896 BB6 BlBe B42 B241 BBS B239 
Si02 51.57 53.87 53.54 52.76 53.45 54.12 54.7B 55.16 56.21 56.26 56.B3 57.82 
Ti02 IU8 1.2B 8.73 B.65 8.5B 1.8B 8.B3 B.92 B.76 B.3B 8.5B 1.42 
Al203 22.6B 28.99 22.34 22.28 22.71 21.5B 23.83 22.12 21.61 21. 71 22.3B 22.21 
fe203 1.55 2.76 B.79 1.77 B.65 8.78 8.B4 8.89 3.13 1.83 8.61 8.75 
feO 2.75 3.81 3.95 3.61 3.24 4.55 4.19 4.92 2.75 2.97 2.99 2.12 
linD 8.18 8.14 8.13 8.18 8.8B 8.12 I.B8 1.89 ·8.16 1.89 8.86 8.86 
IIg0 8.33 1.74 8.26 8.14 8.39 8.62 8.57 1.74 1.31 8.19 8.41 8.31 
CaD 2.61 2.63 2.22 1.58 1. 96 1.61 1.8B 8.1B 8.41 1.16 8.54 8.85 
Ha20 9.18 4.81 6.37 6.44 6.54 5.58 5.14 5.38 5.56 B.86 6.31 7.82 
K20 5.67 9.18 B.28 8.81 9.1B B.49 B.16 8.14 B.26 6.43 8.29 7.32 
P2D5 B.28 8.28 8.82 1.17 1.13 1.15 8.81 8.11 9.B6 8.21 
LOI 2.95 8.59 1.87 8.45 9.23 8.74 1.96 8.81 1.9B 8.49 8.47 8.67 
CO2 nd 8.33 nd 1.17 1.69 1. 24 nd 8.26 9.41 8.81 8.62 9.48 
Total 99.19 18e.52 99.62 99.85 18B.75 99.32 181.67 99.43 181.44 99.59 188.B7 188.23 
In 34 65 44 49 43 63 56 73 38 47 42 32 
Sa 16 13 16 16 18 14 17 IB 15 28 IS 28 
Nb 126 139 91 94 182 141 133 95 138 318 131 218 
Zr 128 154 186 115 12B 97 111 84 B4 245 656 178 
Y 5 18 6 4 5 I 5 4 
U 6 II 7 II 
Th 7 2 7 I 
Pb 6 nd 2 
Rb 195 245 217 281 216 221 215 221 188 158 219 182 
Sr 1726 2828 1482 1298 1568 1737 1344 1236 1544 977 IIBB 897 
Sa 1341 4721 771 1335 1835 1627 2134 1518 1333 824 961 788 
La nd 123 31.73 15.32 21.96 48 38 4.93 nd 13 nd 13 
Ce nd 42 65.34 31.38 41.29 nd nd 18.95 nd nd nd 9 
Pr nd nd nd nd nd nd nd nd nd 
Nd nd 49 28.48 13.78 18.B8 nd nd 6.08 nd nd nd 12 
S. nd nd 3.78 1.62 2.26 nd nd 1.36 nd nd nd nd 
Eu nd nd 1.3S 8.67 8.85 nd nd 8.25 nd nd nd nd 
Sd nd nd 3.81 1.78 2.23 nd nd 8.89 nd nd nd nd 
Dy nd nd 1.64 1.98 I. 31 nd nd 1.35 nd nd nd nd 
Ho nd nd 8.33 8.28 8.26 nd nd 8.18 nd nd nd nd 
Er nd nd 9.94 8.67 8.82 nd nd 1.38 nd nd nd nd 
Yb nd nd 8.66 8.38 8.48 nd nd 8.15 nd nd nd nd 
Lu nd nd 9.15 8.17 8.99 nd nd 9.96 nd nd nd nd 
P. I. 9.93 9.85 1.65 9.87 8.87 8.B9 8.75 8.79 8.B4 8.93 9.B7 8.94 
Ha20+K20 14.77 13.91 14.57 14.45 15.72 13.99 13.38 13.34 13.82 14.49 14.68 15.14 
Na20/K20 1. 68 9.53 9.7B 8.80 8.71 0.65 0.63 0.66 0.67 1.25 8.76 1. 87 
Rb/Sr 8.11 8.09 8.IS 8.15 8.13 8.13 8.16 1.18 8.12 8.16 8.18 1.21 
Y/Nb 9.84 9.87 8.87 9.94 9.9S 8.91 8.88 8.11 9.88 8.82 IU8 8.82 
(4) 
B122 B238 B41 B55 B241 B283 B284 B95b B228 B183 B28 B1I3 
Si02 57.97 56.81 57.46 57.81 58.68 56.75 57.78 58.44 58.88 58.97 59.26 59.77 
Ti02 8.55 8.66 8.98 9.56 8.35 8.15 9.14 8.37 8.17 8.22 8.16 8.13 
Al203 22.61 21.59 21.87 22.62 22.12 23.68 21. 92 21.67 21.33 22.38 22.91 21. 86 
F'e203 9.94 1.58 1.53 1.68 9.99 9.75 9.58 8.63 9.42 B.49 9.59 9.18 
F'eO 3.71 3.19 3.97 3.17 2.12 2.92 0.25 1.92 1.73 1.31 2.34 1.87 
IInO 9.88 8.96 9.18 8.87 8.84 8.94 B.94 8.95 9.B6 8.84 B.B4 B.84 
IIgO 1.43 9.51 1.36 8.3B 1.13 8.99 B.B8 B.39 8.B8 B.99 8.99 1.13 
CaO B.65 B.22 B.23 9.39 9.38 8.44 2.16 1.5B 1.78 B.89 B.49 B.77 
Ha20 5.48 6.26 5.28 7.11 8.24 9.74 6.93 7.37 8.28 7.14 8.94 11.14 
K20 7.18 8.59 8.B2 6.57 6.51 4.24 6.6B 5.34 4.96 7.18 4.98 4.B5 
P205 9.Bl B.91 8.81 B.81 9.98 1.93 9.97 
LO! 9.B5 B.67 9.62 B.89 B.36 1.93 1.42 1.49 9.88 9.55 B.94 B.52 
CO2 9.68 9.12 0.39 9.42 0.28 1.28 1.39 9.97 9.84 9.88 9.49 B.84 
Total 18B.16 199.17 189.81 199.59 199.13 99.12 98.32 19B.22 99.36 198.12 IB8.32 181.28 
In 55 62 54 42 25 37 27 38 29 39 33 34 
Sa 17 17 15 28 IB 26 24 27 31 23 
Nb 135 151 69 61 88 1224 16553 78 165 228B 35B 42B 
lr 222 148 88 79 62 178B 1793 485 669 2129 613 1917 
Y 2 I 2 9 9 7 5 6 4 7 
U 5 11 3 71 535 3 19 239 19 52 
Th 61 7 
Pb 5 4 21 127 18 63 9 8 
Rb 211 223 188 181 159 199 193 144 129 185 182 194 
Sr 788 819 1588 1356 182 236 237B 128B 875 995 393 212 
Sa 578 1173 1189 1895 535 76 856 833 644 872 168 112 
La nd 11 4.79 nd 6 23 114.74 17 18 15.55 41 31 
Ce nd nd 8.25 39 nd 69 223.61 6 42 31.35 nd nd 
Pr nd nd nd nd nd 22.52 nd nd nd nd 
Nd nd nd 4.4B nd nd 17 69.2B 4 17 11.89 nd 16 
S. nd nd 8.26 nd nd nd 5.49 nd nd 1.29 nd nd 
Eu nd nd B.34 nd nd nd 1.62 nd nd B.48 nd nd 
Sd nd nd 8.51 nd nd nd 3.55 nd nd 1.48 nd nd 
Dy nd nd 8.26 nd nd nd 2.96 nd nd 1.89 nd nd 
Ho nd nd 8.86 nd nd nd 8.46 nd nd 8.29 nd nd 
Er nd nd 8.38 nd nd nd 1.64 nd nd 8.99 nd nd 
Yb nd nd 8.19 nd nd nd 1.9B nd nd 1.93 nd nd 
Lu nd nd 9.94 nd . nd nd 8.28 nd nd 8.29 nd nd 
P. I. 9.74 B.91 9.79 9.83 B.93 9.B7 9.BB 9.83 9.B7 8.B7 8.92 9.96 
Ha20+K20 12.58 14.85 13.38 13.68 14.75 13.98 13.53 12.71 13.24 14.32 13.92 14.19 
Na20/K20 9.77 9.73 9.66 1. B8 1.27 2.39 1.B5 1.38 1.67 B.99 1.8B 2.5B 
Rb/Sr 9.39 9.28 8.11 8.13 1.47 9.84 B.98 8.12 9.15 1.28 9.46 1.92 
Y/Nb 1.9B 8.IH 9.B2 I.B9 9.92 9.91 9.BO 0.19 1.13 8.98 9.11 9.12 
(5) 
B220a B227 B192 B190 B228 B217 B67 BB3a B62 B61 B46 BB7 
Si02 59.7B 59.B3 59.9B 61.17 65.51 44.65 46.51 51.24 8.B6 2.34 2.57 16.99 
Ti02 1).07 0.03 8.1B 1'-83 8.91 2.24 1. 73 0.92 0.11 8.2B 9.23 8.33 
A1203 22.23 22.79 21. 72 22.19 19.6B 15.25 17.69 19.82 8.33 9.99 1. 0B 6.01 
Fe203 0.21 0.0B 0.52 0.53 0.89 1.18 1.1B 9.72 8.43 0.B5 8.63 0.47 
FeO 1.B3 0.65 2.81 8.76 8.911 11.73 5.90 6.65 2.17 4.27 3.16 2.37 
linD 0.03 1.03 8.85 1.13 8.13 0.37 9.27 0.17 1.21 1.18 8.98 0.28 
IIg0 0.00 11.88 8.81 8.88 8.00 3.48 I. 79 1.93 0.13 8.27 8.26 0.58 
CaD 8.19 B.32 8.18 B.48 B.53 7.18 9.17 4.41 54.32 49.48 48.53 39.7B 
Na20 8.79 9.85 8.84 9.12 7.65 2.97 5.38 5.55 IU8 8.81 8.11 8.911 
1(20 5.88 5.55 5.B5 5.26 4.44 4.52 3.46 5.49 8.12 1.53 8.49 2.32 
P205 0.BI 8.87 1.27 8.BI 1.3B 9.93 2.94 2.75 1.69 
LOI B.25 B.51 8.45 0.57 0.06 B.22 0.76 11.71 8.98 8.98 0.36 8.09 
CO2 8.37 8.29 9.15 11.87 8.44 4.51 5.73 3.8B 41.62 37.77 37.79 30.55 
Total 99.56 99.13 99.B5 99.21 99.41 99.41 10B.29 99.27 181. 31 188.75 98.B6 1111.82 
Zn 37 11 411 21 14 229 68 189 IS 34 28 29 
Sa 29 31 31 5 26 31 6 19 
Nb 494 441 153 1774 493 256 247 176 68 3993 2633 52 
Zr 1145 1460 289 81B 667 2BB 214 234 8 8 8 8 
Y 2 9 4 13 26 22 13 82 94 108 56 
U 32 57 5 1B2 12 
Th 3 5 17 
Pb 12 3 24 14 20 9 9 
Rb 33B 233 213 213 228 459 119 215 11 48 42 54 
Sr 145 165 221 267 131 IB68 1628 I1B5 9135 B956 8877 7286 
Ba 91 129 85 112 99 618 339 924 81 142 132 9BI1 
La 5.22 nd 20 65 8.12 lB3.88 97.88 39.45 265.6B 386 361. 37 2B6 
Ce 9.13 30 35 45 15.69 287.47 218.09 82.97 515.28 696 718.45 455 
Pr nd nd nd 24.18 nd 7.64 55.44 nd 76.29 nd 
Hd 3.6B nd 15 nd 6.38 84.80 148.09 37.19 187.40 275 269.38 199 
S. 0.27 nd nd nd 8.95 13.34 nd 5.77 28.99 nd 41.63 nd 
Eu 0.11 nd nd nd 8.23 4.06 nd 1.87 9.45 nd 12.82 nd 
Sd 1l.47 nd nd nd 1.37 11l.59 nd 4.B0 23.33 nd 32.19 nd 
Dy 0.38 nd nd nd 2.26 6.60 nd 3.20 17.82 nd 22.47 nd 
Ho 0.11 nd nd nd 1l.54 1.28 nd 0.63 3.63 nd 4.58 nd 
Er 1l.51 nd nd nd 1.91 3.46 nd I. 71 18.48 nd 12.67 nd 
Yb 8.62 nd nd nd 2.84 2.46 nd 1.48 9.17 nd 10.53 nd 
Lu 8.14 nd nd nd 9.32 9.38 nd 8.24 I. 43 nd I. 62 nd 
P. I. 0.93 0.92 8.92 0.93 0.BB 0.64 0.72 8.81 0.Bl 8.59 0.66 8.67 
Na20+K20 14.59 14.60 13.B9 14.38 12.09 7.49 B.84 11.04 8.20 0.54 0.60 3.22 
Na20/K20 1.52 1.63 1. 75 1.73 1.72 0.66 1.55 1.01 0.67 8.02 0.22 0.39 
Rb/Sr 2.33 I. 41 8.92 8.88 1.68 8.43 0.07 8.19 8.08 0.81 8.01 0.01 
Y/Nb 8.08 0.02 0.1l0 0.80 0.13 0.18 0.09 1l.87 1.21 8.02 8.84 1.0B 
(6) 
8229 892 898a 832 872 894 89B 851 8237 
Si02 21.68 42.45 64.58 66.33 67.15 67.45 68.94 69.27 69.58 
Ti02 8.74 B.26 B.16 B.23 B.31 B.2B B.19 8.16 B.28 
Al203 8.75 15.59 17.56 18.27 14.52 15.82 16.68 16.78 16.27 
fe203 1.81 1.22 1.17 1.27 2.5B 8.9B B.91 B.54 B.14 
feO 5.B3 1.92 8.83 8.29 8.91 B.75 B.41 8.61 1. 98 
"nO 0.2B 8.23 B.B3 8.84 B.B2 8.Bl B.83 0.82 
"gO 1.86 8.38 8.57 8.22 1.15 8.61 8.27 8.42 8.32 
CaO 31. 34 17.24 2.48 8.66 2.62 2.18 8.18 1.25 8.57 
Ha20 8.87 3.13 7.88 8.24 6.84 7.51 7.11 7.78 7.47 
K20 3.14 4.53 3.47 3.97 3.98 3.24 3.91 3.61 3.83 
P205 6.28 8.43 8.85 8.89 8.19 8.83 8.18 8.85 8.87 
LOr B.65 8.88 8.B5 8.20 IU3 B.38 8.38 B.IB 8.78 
CO2 18.92 13.57 1.25 8.18 8.22 8.66 8.B8 8.88 nd 
Total 99.75 188.87 99.84 99.87 108.46 99.75 99.89 108.68 99.45 
In 82 24 45 27 67 53 24 39 39 
Sa 15 16 23 26 27 21 22 21 21 
Hb 72 99 29 11 19 14 23 13 t4 
Zr 87 151 148 125 195 178 12B 134 124 
Y 78 34 5 5 12 4 7 8 
U 6 12 6 9 6 
Th 7 7 22 10 4 8 S 
Pb 17 19 13 23 16 12 6 24 
Rb 125 1'83 78 68 86 74 78 34 58 
Sr 5781 4194 425 107 563 1193 63 68 311 
Sa 837 838 1829 1051 1993 1522 1285 IB37 886 
La 389.27 17B 19.13 39 78.79 nd nd nd nd 
Ce 637.19 247 37.39 nd 157.35 nd 23 nd nd 
Pr 71.88 nd nd 16.25 nd nd nd nd 
Nd 271. 68 57 16.98 nd 68.78 nd nd nd nd 
s. 41.99 nd 2.44 nd 11.42 nd nd nd .d 
Eu 12.86 nd B.71 nd 2.63 nd nd nd nd 
Sd 38.68 nd 2.29 nd 7.33 nd nd nd nd 
Oy 17.82 nd 1.12 nd 3.18 nd nd nd nd 
Ho 3.36 nd 8.22 nd B.55 nd nd nd nd 
Er 8.69 nd 8.57 nd 1.51 nd nd nd nd 
Yb 5.67 nd 8.39 nd 8.83 nd nd nd nd 
Lu 8.84 n-d B.88 nd 8.13 nd nd nd nd 
p.r. 8.55 B.65 8.94 8.98 1.87 1. Bl 8.96 1. 81 1.81 
Na20+K20 4.IH 7.66 11.27 12.21 18.82 18.75 11.92 11.39 19.58 
Ha20/K20 8.28 8.69 2.25 2.88 1.72 2.32 1. 82 2.16 2.47 
Rb/Sr B.B2 8.B2 8.16 8.56 8.15 8.86 1.11 8.57 8.16 
YIHb B.97 8.34 8.17 8.45 8.63 8.B8 8.17 8.54 8.57 
WANGU 
TABLE A2.3 (1) 
11234 11229 11232 "Ig 11233 "Ie "Zf 11228 11436 11227 
Si02 69.IB 79.28 61.16 65.58 73.12 75.B9 75.67 39.23 47.94 51. 24 
Ti02 9.57 B.21 0.31 0.25 0.31 9.23 0.25 3.84 3.58 1.19 
A1203 13.41 8.94 5.79 5.8B 5.19 4.73 4.62 12.25 13.46 12.75 
Fe203 5.37 4.18 28.15 28.79 11.37 13.48 12.95 1. 71 1.66 1.33 
FeO 8.75 B.25 3.24 nd 2.8B nd nd 12.B7 11.95 5.57 
"nO 0.12 0.14 0.50 9.42 0.45 0.29 8.34 8.51 1.26 1.35 
"gO 1.41 8.17 8.99 B.56 B.88 8.51 B.57 9.96 5.39 5.54 
CaO 8.36 8.18 2.82 1.78 2.25 1.69 1.52 6.83 5.71 7.42 
Na20 5.23 4.60 3.99 3.95 3.32 2.74 2.58 1.55 2.75 3.82 
K20 4.75 2.98 1.18 1.41 0.68 1.28 1.19 7.14 4.17 5.22 
P205 8.IB B.B4 0.B5 8.84 8.B2 B.84 I. 24 8.79 B.97 
LOI 8.37 9.49 0.86 9.97 9.82 1.17 1.93 9.71 2.48 1.21 
CO2 nd nd nd nd nd nd nd 2.44 nd 3.29 
Total 189.54 188.27 108.94 lIH.48 188.35 181. 95 199.66 99.48 99.07 99.98 
In 159 612 898 794 584 321 411 771 343 451 
6.1 39 27 31 25 23 18 17 48 25 24 
Nb 189 295 567 641 614 465 542 398 45 159 
Zr 459 1795 3076 2652 3739 2257 2857 273 157 312 
Y 159 95 385 464 541 334 315 86 34 114 
U 3 5 9 11 19 8 17 9 1 5 
Th 14 47 78 81 115 83 89 17 2 45 
Pb 13 166 19 28 13 58 24 64 nd 25 
Rb 145 78 49 54 38 64 60 635 393 471 
Sr 13 4 29 16 29 24 30 341 495 1445 
8.1 553 59 287 334 111 266 242 1325 969 1459 
La 121 124.19 785.88 752 929 411 516 146.89 nd 212.98 
Ce 193 275.91 421.11 692 837 794 952 278.17 nd 436.29 
Pr nd 26.91 145.41 nd nd nd nd 38.93 nd 49.19 
Hd 143 109.19 683.88 793 1852 445 554 124.60 nd 192.28 
S. nd 19.93 116.86 nd nd nd nd 21. 91 nd 29.93 
Ell nd 1.66 21.82 nd nd nd nd 5.29 nd 5.88 
6d nd 18.45 186.42 nd nd nd nd 18.26 nd 28.66 
Dy nd 23.29 93.27 nd nd nd nd 15.37 nd 16.48 
Ho nd 4.48 16.39 nd nd nd nd 2.76 nd 3.17 
Er nd 13.16 38.23 nd nd nd nd 7.27 nd 9.97 
Yb nd 13.48 34.35 nd nd nd nd 6.47 nd 9.36 
LII nd 1. 97 4.81 nd nd nd nd 9.92 nd 1.46 
P. I. I. 93 1.19 1.33 1. 38 1.18 1.23 1.29 0.84 8.67 9.94 
Na20fK20 9.98 6.68 5.98 5.36 3.92 . 3.94 3.77 8.69 6.92 9.04 
Na20/K20 1.1B 2.21 3.31 2.88 5.53 2.28 2.17 0.22 8.66 8.73 
Rb/Sr 11.15 19.58 2.45 3.38 1.31 2.67 2.99 1.86 8.79 8.33 
Y/Nb 8.84 8.32 0.68 8.72 8.88 8.72 8.58 8.22 8.76 8.72 
(2) 
W435 W434 H27 W149 "Za "Ze "Zb "Zh W231 W235 
Si02 67.27 67.97 78.88 77.86 79.75 65.78 66.43 66.44 66.48 68.41 
Ti02 8.65 B.63 B.41 B.24 8.13 B.62 B.61 B.71 B.77 B.68 
Al203 13.36 12.79 18.89 18.44 19.11 14.49 13.55 14.94 13.74 11. 96 
fe203 7.95 7.98 1.52 B.42 2.73 9.91 8.66 6.98 6.66 5.91 
feO nd nd 6.22 3.46 nd nd nd nd 8.25 1. 25 
"nO 9.16 8.22 9.25 B.96 8.B2 8.24 B.27 B.18 1.16 B.21 
"gO 8.39 8.48 8.41 8.B8 8.81 8.14 8.19 8.21 8.42 9.59 
CaO 1.96 1.34 1.15 B.B6 9.B5 B.25 B.22 B.33 8.46 B.67 
Ha20 4.91 5.21 3.25 3.51 2.83 6.53 4.41 4.79 4.68 4.21 
K20 4.23 3.11 5.B9 3.77 4.96 1.96 4.63 5.34 5.75 6.38 
P205 B.92 B.92 9.93 9.97 9.98 9.81 
LOI B.23 9.35 B.17 8.2B 9.51 1.52 1.57 1.18 B.84 1.21 
CO2 nd nd nd nd nd nd nd nd nd nd 
Total IB8.11 18B.99 99.24 198.12 lB8.29 188.47 18B.57 198.27 lBI.29 118.47 
In 146 341 242 168 91 296 241 229 323 123 
Sa 38 38 33 26 18 33 32 26 38 29 
Nb 228 373 245 128 164 366 332 384 423 383 
Ir 1141 1672 1895 1694 1458 1754 1654 1493 1836 1549 
Y 97 161 193 128 88 73 116 87 109 133 
U 18 13 6 4 9 6 11 18 7 
Th 38 57 42 52 37 56 49 71 89 189 
Pb nd nd 32 38 15 137 328 58 41 82 
Rb 155 176 255 194 165 59 143 167 295 294 
Sr 163 116 22 33 13 14 18 2B 28 9 
Ba 113 36 217 157 189 249 493 136 145 62 
La nd nd 298.B6 nd nd 183 151 231 334.78 247.28 
Ce nd nd 493.28 nd nd 392 496 543 579.39 459.65 
Pr nd nd 48.68 nd nd nd nd nd 66.86 47.61 
Nd nd nd 147.88 nd nd 88 132 284 232.78 169.81 
s. nd nd 25.51 nd nd nd nd nd 3B.39 31.B8 
Eu nd nd 1.28 nd nd nd nd nd 3.13 2.37 
Sd nd nd 21.49 nd nd nd nd nd 27.84 27.23 
Dy nd nd 28.53 nd nd nd nd nd 26.23 31.91 
Ho nd nd 4.3B nd nd nd nd nd 4.98 5.77 
Er nd nd 12.77 nd nd nd nd nd 12.68 16.22 
Yb nd nd 12.08 nd nd nd nd nd 12.66 15.33 
Lu nd nd 1.81 nd nd nd nd nd 1.88 2.21 
P. I. 0.95 8.94 B.99 8.94 lUI 8.89 8.91 0.95 1.81 1.16 
Na20+K20 9.14 8.32 8.34 7.28 6.89 8.49 9.84 19.13 10.43 10.59 
Na20/K20 1.16 1.68 0.64 8.93 B.7B 3.33 8.95 8.9B B.81 8.66 
Rb/Sr 9.95 1.52 11.59 3.15 12.69 4.21 7.94 8.35 18.25 32.67 
Y/Nb B.43 8.43 B.42 I.BB B.33 B.21 8.35 8.23 B.24 8.44 
(3) 
H24 H23 HI7 HIS H6 
Si02 79.57 71.17 71. 97 72.27 73.S5 
Ti02 8.21 B.15 9.11 8.13 B.13 
AI203 16.41 16.91 16.39 14.89 14.53 
f"e203 8.31 8.26 8.28 8.29 9.19 
feO 1. 57 1. 2'3 I.BB I. 46 B.93 
"nO 9.82 1.82 8.11 8.B3 8.IH 
"gO 9.59 1),52 8.39 0.35 3.39 
CaO 3.15 2.49 2.72 I.S9 2.S8 
Na20 5.S1 5.53 6.41 5.42 5.48 
K20 1.94 1.77 8.98 2.63 1.29 
P205 8.04 8.87 9.96 8.84 9.98 
LOr 8.38 8.32 8.22 9.24 9.2B 
CO2 nd nd nd nd nd 
Total 108.82 99.51 188.29 99.55 99.96 
Zn 38 41 24 33 26 
Sa 28 21 17 22 28 
Nb 13 19 19 17 19 
Zr 142 158 139 ISS 147 
Y 6 6 9 6 
U 
Th 6 5 
Pb 8 13 B 23 18 
Rb 35 34 34 67 2'3 
Sr 1297 1366 1182 1295 1115 
Ba 1494 1166 412 1312 698 
La nd nd nd nd nd 
Ce nd nd nd nd nd 
Pr nd nd nd nd nd 
Nd nd nd nd nd nd 
s. nd nd nd nd nd 
Eu nd nd nd nd nd 
Sd nd nd nd nd nd 
Oy nd nd nd nd nd 
Ho nd nd nd nd nd 
Er nd nd nd nd nd 
Vb nd nd nd nd nd 
Lu nd nd nd nd nd 
P.1. 9.65 9.6B 8.71 9.79 9.72 
Na20+K20 6.85 7.39 7.31 8.85 6.77 
Na20/K20 5.59 3.12 7.12 2.86 4.25 
Rb/Sr 8.93 8.92 8.93 9.96 8.83 
Y/Nb 8.46 9.69 8.88 8.53 8.68 
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APPENDIX 3 
Nonnative constituents for whole-roc:k analyses fran Ngoye, Bulls Run am 
Wanga are presented as Tables A3.1, A3.2 am A3.3 respectively. Both 
CTIW nonnas am Mesononns were calculated by B M EglinJton am R.E. 
Hanner of the CSIR (Pretoria). '!he follc7.f1irq p:>ints are noted: 
i) All analyses were recalculated to 100%, H2O-free. 
ii) Fe203/FeD ratios for those peralkaline samples fran Wangu 
that had not had FeD detennined, were adjusted to corresporrl to 
known ratios fran other Wangu rocks with similar mineralogy. 
iii) '!he eleroonts Sr, Ba, am Zr have been incorporated in the nonn 
calculations am reflect in feldspar am zircon contents. (X)2 
has been assigned to calcite, although it must be 1x>:rne in mirxi 
that some (X)2 is probably contained in the cancrinite lattice. 
'!he incorporation of ca into nonnative calcite is of paraIOOUnt 
inpJrtance, so as to allocate the correct aIOOUnt of ca to An. 
Failure to follov.r this routine results in an excess of An am 
mis-classification, especially when dealirq with alkaline rocks. 
i v) calculation of the mesononn is required when classifyirq rocks on 
"-
the streckensien & I.e Maitre (1979) nonnative plot. 
v) By convertirq CIPW-nonnati ve ctiopside am hypersthene into 
minerals such as biotite am hoz:nblerrlce in the mesononn, excess 
Si02 is released am reflects in additional nonnative quartz. 
~GO'YE 
TABLE A3.1 (I) 
N574 N564 N2 N316 N718 N584 C47 NH7 Cll7 N373 N114 N711 
Quartz 26.46 28.22 28.18 27.29 28.98 31.35 28.49 25.31 31.17 27.16 28.57 28.91 
Corundu. 1.11 1.22 
Or thO( lase 26.% 31.18 32.14 32.56 29.12 28.76 29.74 27.31 27.97 26.93 29.87 27.48 
Albite 34.85 27.84 29.38 38.54 31.19 31.76 35.91 34.17 31.11 37.37 32.45 33.35 
Anorthite 5.33 5.61 5.51 4.31 5.85 3.34 1.28 2.86 2.31 1.67 3.81 1.78 
ACiite 
Ifa-sil i (.ttl! 
Diopside 8.22 1.47 8.75 1.'9 2.8' 2.61 1.74 3.15 1.67 3.31 
Ifypersthene 4.35 3.88 3.61 3.53 3.67 4.21 1.47 5.42 3.62 3.19 3.21 4.11 
"agneti te 1.64 '.67 1.53 1.55 1.33 1).68 1.58 1.16 1.19 1.81 1.6' 1.13 
Htenitl! 1.82 1.81 1.52 1.42 1.57 1.55 '.42 1.91 8.71 1.61 1.55 1.83 
Haeaatite 
A,ati te 1.33 1.28 1.89 8.14 1.15 '.14 1.18 1.1. 1.12 1.12 
Zi rcOll 1.14 '.85 8.15 8.85 8.16 iU8 1.16 1.17 1.15 1.11 1.17 1.17 
Calcite nd nd nd nd nd nd nd nd nd nd nd nd 
Totil 181.11 111.18 111.11 111." 181.11 111.11 111.8' 118.11 11111.11 111.11 1111.11 111.11 
Quartz 28.95 31.53 31.15 ~.22 31.96 32.58 ~.68 28.49 33.32 ~.42 3'.57 31.63 
Corundu. 1.46 11.46 1.34 '.59 
Orthoclase 23.11 27.13 29.11 ~.33 26.82 25.31 27.67 21.83 24.21 23.17 25.64 22.76 
Albite 34.85 27.84 29.38 38.53 31.19 31.76 35.91 34.87 31.11 37.36 32.45 33.35 
Anorthite 4.88 5.61 4.55 4.31 4.91 2.33 1.21 2.86 2.31 1.67 3.81 1.71 
Biotite 6.57 6.75 5.12 5.42 5.31 5.91 3.61 9.52 6.47 6.68 5.76 8.23 




lIagnetite 1.64 1.67 1.53 1.55 8.33 
Haelatite 
8.68 1.57 1.16 1.19 1.81 1.68 1.13 
Sphene 1.87 1.13 1.67 1.54 1.14 1.71 1.54 1.19 1.92 1.79 1.7t 1.88 
Apati te 1.33 1.28 1.19 1.14 8.15 1.14 1.18 1.14 1.12 8.12 
Rutile 
li r(on 8.84 8.15 11.15 1.85 1.16 1.88 1.16 1.17 1.15 1.18 1.87 8.17 
Calcite nd nd nd nd nd nd nd nd nd nd nd nd Total 1111.118 111.111 1111.18 1811.811 188.11 188.118 111.n 111.81 181.81 1111.111 111.11 lIB. III 
(2) 
C1I6 N348 N665 N591 N711 H351 N635 N675 N664 H211 H613 H715 
Quutz 31.69 28.97 31.43 29.71 31.82 32.82 31.85 32.46 33.67 33.85 31.87 33.16 
Corundu. 1.45 
Orthoclase 3'.37 31.0' 32.41 29.32 27.73 29.89 27.54 26.51 27.91 25.98 26.58 31.34 
Albite 31.76 33.48 25.62 33.76 29.95 28.74 34.63 33.64 29.81 35.16 37.97 31.11 
Anorthite 1.27 1..3 3.64 '.89 4.41 2.51 1.17 1.65 0.16 3.'1 
Anite 1.13 B.98 
Ha-silicate 
Diopside 1.3. 1.29 1.98 1.89 1.56 1.13 2.11 1.92 2.68 1.56 2.31 
Hypersthene 2.91 2.97 3.43 3.11 3.87 3.64 3.37 3.11 3.49 1.81 1.64 1.71 
"agneti te •• 92 1.67 •• 71 1.78 1.72 1. 73 •• 66 1.68 1.76 1.13 '.31 8.17 
Il.enite 1.58 •• 51 1.63 1.51 1.6' ' . 42 '.51 '.53 '.72 1.34 '.14 1.13 
Hae.atite 
Apatite 1.19 1.85 8.'5 8.15 1.12 1.12 1 •• 2 
Zi rcon 8.12 8.89 8.11 1.12 8.'9 '.12 '.11 '.13 '.18 '.87 1.12 8.11 
Calcite nd nd nd nd nd nd nd nd nd nd nd nd 
Total 111.88 181.81 118.81 1 ••••• 111." 1H.811 1.'.1. 1111." I"." 1 ..... 1".11 11 .... 
Quartz 32.37 31.65 33.57 31.63 33.27 34.81 33.87 34.35 36.11 34.21 32.73 33.98 
Corundu. 1.54 
Orthoclase 27.43 28.11 28.73 26.14 23.87 26.61 24.89 23.27 22.93 25.13 2S.17 29.15 
. Albi te 31.76 33.48 25.62 33.76 29.95 28.74 34.63 33.63 29.81 35.16 37.97 31.11 
Anorthite 1.27 1.13 3.64 9.89 4.41 2.58 1.17 1.66 1.16 2.78 
Diot ite 5.12 5.11 6.31 5.69 6.57 5.75 5.97 5.62 6.94 1.62 2.47 2.27 
Wollastoni te 9.18 1.23 '.47 1.51 9.29 1.22 1.56 1.51 9.74 1.48 1.99 
Hypersthene 
Riebeckih 8.25 I. 95 
Actinolite 
lIagneti te 1.91 1.67 8.71 1.78 8.72 8.73 8.66 8.68 11.76 1.13 8.31 1.17 
Hae.ati te 
Sphene 1.74 8.64 8.81 1.66 8.78 8.54 1.66 '.69 1.93 1.44 1.18 1.17 
Apatite •• 19 1.15 1.15 ' •• 5 11.12 '.12 1.12 Rutile 
Zi rc on 1.12 1.19 1.11 1.12 1.19 1.12 11.11 1.13 9.11 1.17 11.12 8.IH 
Calcite nd nd nd nd nd nd nd nd nd nd nd nd 
Total 1811.111 1111.118 1811.81 111.118 118.81 1111.81 118.11 118.81 188." 111.88 1 ..... 111.11 
(3) 
N568 N8 M684 N682 N34 Mil M711 M35 N272 N468 M161 N548 
Quartz 33.45 35.75 36.34 34.99 37.14 33.12 36.78 3.86 31.83 35.81 35.51 35.~ 
Corundu. 8.18 1.77 1.38 1.41 17.51 
Orthoclase 29.12 28.31 31.51 28.42 24.72 25.93 23.22 56.42 27.88 28.67 27.37 27.25 
Albite 34.98 33.82 28.86 32.36 34.78 37.73 36.65 5.71 33.78 31.27 32.45 31.77 
Anorthite 8.29 1. 27 1.61 1.92 11.25 1.17 8.35 •• 22 
Ae.ite 4.87 1.23 2.86 
Na-si licate 8.81 
Diopside 1.41 8.28 1.29 1.76 1.85 1.73 1.87 
Hypersthene 8.57 1.18 1.23 1.58 1.21 1.34 1.53 15.86 1.87 1.17 8.77 1.99 
"agnetite '.28 8.19 8.22 8.38 8.18 8.25 '.12 2.24 1.88 1.57 8.37 
I1tenite 1.84 '.18 8.11 '.17 8.82 8.14 8.82 8.36 '.36 11.32 8.21 
Haeaatite 
Apati te 1.85 8.82 8.Bl 8.25 8.15 
Zircon 8.82 8.82 8.82 1.82 B.81 1.12 8.11 8.'1 8.87 8.11 '.87 1.89 
Calcite nd nd nd nd nd nd nd nd nd nd nd nd 
Total 181.88 111.88 181.88 111.88 111 ••• 111.11 18 •••• 188.'. 111.8' 1.8.B8 181.1. 111.11 
Quartz 34.87 36.33 36.95 35.69 37.71 33.78 37.44 9.93 31.87 35.21 36.28 35.45 
Corundu. 8.18 1.78 8.41 1.41 17.5. 
Orthoclase 28.14 27.37 38.56 27.88 23.84 24.91 22.88 45.88 26.94 27.9t 25.97 26.62 
Albite 34.89 33.82 28.86 32.35 34.79 37.73 36.65 5.78 33.7' 31.26 32.45 31. 77 
Anorthite 8.29 I. 27 1.4. 1.92 '.22 1.18 8.32 8.23 
Biotite 1.69 1.63 1.66 2.36 1.53 1.74 1.95 18.81 8.21 1.24 2.45 1.88 
11011 astoni te 8.65 1.17 1.81 •• 88 8.23 •• 57 1.25 
Hypersthene 
Riebecki te 5.99 2.45 4.11 
Actinolite 
"agnetite 8.28 8.19 1.22 1.38 8.18 8.25 8.12 2.24 1.88 1.56 1.37 
Hae.ati te 8.42 
Sphene 1.85 1.11 1.15 8.22 8.82 8.85 8.82 8.47 1.47 1.42 8.27 Apatite 8.85 8.82 8.81 8.25 I.B5 
Rutile 
Zircon 8.82 8.82 8.82 '.82 '.81 8.82 8.81 8.81 8.87 '.11 8.87 8.89 Calcite nd nd nd nd nd nd nd nd nd nd nd nd Total 188.88 111.88 188.88 188.". IB8.88 18B.88 188.88 188.88 IBB.88 188.H 181.88 188.88 
(4) 
C46 N5B N331 N145 N142 NIBI N331 C11B N62c N62 N331a 
Quartz 36.44 39.28 34.67 35.47 36.4 34.71 35.47 35.B9 33.91 37.51 34.72 
Corundul 1.51 B.&4 
Orthoclase 26.65 26.99 24.83 24.86 27.63 24.33 26.51 36.46 17.63 2B.39 23.95 
Albite 33.48 31.99 33.11 33.13 33.81 32.71 33.46 25.19 43.59 29.24 35.62 
Anorthite 8.18 
AClite 1. 73 4.19 5.26 5.89 1.27 9.B8 1.61 2.33 3.68 
Na-silicate 8.18 B.77 8.39 a. 33 9.16 
Diopside 8.22 8.67 8.85 8.72 1.82 1.68 a.56 8.49 
Hypersthene 1.88 1.28 1.43 1.29 2.31 1. 71 a.BI 1.19 1. 94 
"agneti te 1.57 8.42 1.48 1.19 1.41 1.42 
Illeni te B.21 &.21 8.19 &.21 8.19 8.17 a.3& &.23 8.98 a.25 a.19 
Haelatite 1.6 
Apatite 8.92 &.12 9.82 &.94 8.92 
Zi rcon 8.87 9.89 8.14 a.14 nd 8.14 9.17 8.B9 8.89 9.89 1.15 
Cal ci te nd nd nd nd nd nd nd nd nd nd nd 
Total 191.18 188.18 18a.88 188.18 18B.88 199.88 lla.8& 181.81 IB8.11 188.88 188.88 
Quartz 36.44 39.43 35.84 36.67 37.42 35.84 35.42 34.84 33.47 37.13 34.78 
Corundul 8.54 8.83 
Or thoclase 26.47 26.66 24.83 23.'35 25.89 24.32 26.49 36.39 17.61 28.32 23.91 
Albite 33.49 38.99 33.12 33.14 32.98 32.71 33.46 25.19 43.59 29.24 35.62 
Anorthite 
Biotite 1.26 8.58 8.16 3.84 1.13 9.83 1.18 8.83 8.18 8.86 
Wollastoni te 9.17 8.45 8.22 8.76 9.88 8.99 
Hypersthene 
Riebeckite 3.8& 5.81 4.55 5.55 1.41 1.74 3.21 3.48 5.79 
Actinol ite 
"agnetite 1.56 8.54 8.85 &.57 
Haelatite 8.13 8.66 1.26 1.38 2.16 B.23 9.58 1.22 &.34 
Sphene 8.17 &.86 8.23 8.a4 B.39 9.38 8.89 8.32 1.24 
Apatite 1.82 IU2 1t.B2 1.15 a.12 
Rutile 8.84 1.&9 &.89 8.18 8.89 
Zircon 9.17 8.89 8.14 9.14 nd 8.14 1.17 8.89 8.89 9.89 8.15 
Calci te nd nd nd nd nd nd nd nd nd nd 
Total 198.88 188.88 188.88 188.88 18B.88 188.98 199.8B 181t.B8 118.18 188.11 188.88 
(5) 
N712 NRIB9 N63 HIS HRB8 N17 H193 N19 N62b N62a N21 
Quartz 41.48 59.97 61.32 46.79 65.47 47.25 59.58 69.45 8.79 7.77 8.64 
Corundul 8.31 9.14 8.16 2.67 2.41 
Orthoclase B.43 2.72 8.B8 15.36 8.23 1.92 5.84 46.61 65.27 18.17 
Albite 1.22 3.72 3.88 16.99 1.14 32.17 15.16 B.7B 33.11 18.25 52.56 
Anorthite 4.19 B.27 9.85 8.27 9.75 14.21 
ACli te 2.24 1.51 1.67 
Ha-silicate 
Diopside 12.75 2.55 8.49 8.79 
Hypersthene 1. 91 1.17 4.37 4.29 5.28 2.29 5.59 23.37 5.91 3.81 8.68 
"agneti te 33.28 27.41 IB.57 12.77 25.39 11.29 18.73 4.16 3.19 I.B9 2.88 
Illenite 3.36 2.65 1.18 9.46 1.67 1.68 8.91 8.68 8.27 9.41 1. 95 
Haelatite 
Apatite 8.64 8.44 8.84 8.99 8.87 8.24 8.81 9.13 9.95 8.85 8.12 
Zi rcon I.B8 nd 18.41 9.78 9.64 8.86 1.31 1.35 8.12 8.19 8.14 
Calcite nd nd nd nd nd nd nd nd nd nd 1.64 
Total 118.88 188.88 188.88 188.88 188.88 118.08 188.81 188.88 188.98 181.98 189.81 
Quartz 39.45 56.91 61.36 47.57 64.98 47.63 61.26 69.18 11.13 9.41 2.63 
Corundul 8.89 8.31 8.16 8.16 2.77 2.69 
Orthoc lase 13.29 1.55 42.79 62.73 14.46 
Al bi te 1.22 3.54 3.88 16.99 1.14 32.17 15.16 8.78 33.11 18.25 52.56 
Anorthite 4.19 14.21 
Bi ot He 9.75 4.55 1. 42 3.68 8.48 3.41 6.19 6.58 4.26 6.2B 
Wollastoni te 3.81 
Hypersthene IUS 8.92 4.27 6.32 23.96 
Riebedite 4.44 3.91 3.31 
Actinoli te 14.86 
"agnetite 33.29 26.12 18.58 12.77 25.39 11.42 19.73 4.16 3.28 1.89 2.88 
Haeutite 
Sphene 4.34 2.13 8.39 9.04 9.63 8.19 8.53 1.35 
Apatite 8.64 8.41 8.14 8.89 8.87 9.24 lUI 8.13 8.15 1.15 9.12 
Rutile a.45 0.62 8.98 a.86 9.63 0.48 9.36 8.06 
Zircon 1.80 5.78 19.4B B.71 0.64 9.86 1.31 1.35 B.12 B.19 B.14 
Cal ci te nd nd nd nd nd nd nd nd nd nd 1.64 
Total 100.00 IB9.0B 180.BB 190.00 100.00 100.08 108.88 199.89 IBB.18 188.88 188.88 
BULLS RUN 
TABLE A3.2 (1) 
823B 8179 84B 8231 B34 B121 BIBS 8237a 895 B54 B4a 
Quartz 6.42 3.65 5.31 9.75 1.38 2.31 9.99 
Corundul 6.85 9.65 11.69 6.45 6.32 4.16 5.B8 6.84 6.82 8.93 
Orthoclase 27.85 36.45 37.69 51.81 37.61 31.63 41. 93 33.72 34.22 44.56 48.66 
Albite 32.99 32.61 34.88 2B.89 43.54 44.34 37.6B 49.68 4B.39 41.21 37.68 
Anorthite 2.53 2.38 9.46 1.63 18.3B 9.49 7.17 1. 98 9.43 9.19 




Hypersthene 5.39 4.43 8.B9 4.67 2.57 3.27 4.66 2.38 
Olivine 2.11 3.99 5.9B 2.58 
~agnetite 2.18 3.19 2.76 1.99 1.66 1.38 1.5B 8.B4 1.15 2.99 1.52 
Iheni te 8.88 I. 26 1.89 1.72 8.65 9.69 1.53 I. 25 I. 28 I. 97 8.58 
Haelatite 
Apatite 4.85 8.73 8.18 9.97 8.65 8.14 8.23 9.85 
Calcite 13.43 5.54 3.2B 2.62 4.68 2.79 3.78 1.93 B.B5 B.2B 
Zi rcon 8.94 9.85 8.IH 8.91 9.92 8.81 9.8'3 8.92 9.82 
Total IB9.88 IBB.89 IB8.88 IB8.88 188.98 198.98 188.99 198.88 198.81 188.98 188.98 
Quartz 9.89 6.29 6.19 2.93 2.35 3.27 4.7B 8.9B 9.55 2.15 
Corundul 6.B5 18.49 12.42 6.62 6.76 4.57 5.9B 7.21 6.97 B.B7 
Orthoclase 23.18 32.37 36.32 45.39 35.14 2B.72 37.46 26.'36 2B.34 41.24 46.68 
Albite 32.99 32.61 34.BB 2B.99 43.54 44.34 37.67 46.32 59.36 42.B8 37.69 
Anorthite 8.22 8.38 9.44 9.19 7.17 
Nepheline 3.33 
Biotite 7.8B 6.97 2.32 11.19 4.91 4.83 7.57 11.38 9.86 5.55 3.45 
11011 astonite 1.53 
Riebedite 
~agnetite 2.19 3.19 2.77 1.99 1.65 1.36 1.5B 9.83 1.15 2.99 1.52 
Haelatite 
Sphene 1.63 1.41 8.32 B.B4 8.7B 8.35 1.62 8.71 B.3B B.B7 
Ruti I e 8.46 9.77 9.67 8.34 1.44 9.24 
Apati te 3.85 9.73 B.18 B.87 B.65 9.14 B.23 8.B6 
li reon 8.84 8.85 I.Bl 8.91 8.92 8.91 9.99 1.92 9.92 9.82 
Calcite 13.64 5.54 3.28 2.62 4.68 2.79 3.78 1. 83 1).85 8.28 
Total 188.00 109.8S 199.88 108.98 1BB.98 181U8 109.08 188.0S 19'U8 18S.99 198.81 
(2) 
8218 8236 B95a B8li B213 B175 B212 844 B43 B233 B66 
Quartz 2.88 1. 48 8.68 
Corundul 5.58 7.31 5.68 23.15 8.13 8.69 1.64 
Orthochse 26.84 36.67 31.55 64.97 29.65 33.&9 32.54 44.83 43.56 36.53 43.5& 
Albite 56.22 52.25 58.42 6.28 21.47 5.98 5.87 8.55 9.89 9.24 7.87 
Anorthite 8.48 6.32 3.73 3.58 5.58 8.84 7.25 6.2t 
Nepheline 1.36 22.57 33.86 37.51 25.92 25.61 32.11 27.45 
AClih 
Wollastonite 5.95 1.81 
Diopside - 7.27 11.88 9.85 6.31 
Hypersthene 4.56 1.28 1.27 
Olivine 2.38 4.43 3.18 4.42 1.32 &.43 
I!agnetite 2.14 1.15 •• 64 1.62 3.49 4.88 3.31 3.79 1.94 1.14 3.86 
llieni h 8.31 &.46 8.33 1.16 2.29 2.59 2.18 2.32 1. 99 1.52 1. 74 
Haeaatite 8.76 8.83 
Apati h 8.87 8 •• 7 8.89 8.16 1. 23 1.42 •• 93 1.47 •• 81 1.82 8.72 
Calcite 1.47 1.25 2.34 nd 8.39 1.25 2.86 4.43 3.88 nd 1.88 
Zircon 1.11 8.81 8.83 8.83 1.13 1.84 8.84 8.83 8.t4 
Total 188.88 188.88 118.88 111.8. III.'. 1 •••• 8 118.81 18lU. 188.8' 1 ••••• 1' •• 88 
Quartz 4.87 1.65 1.34 
Corundul 5.58 7.45 5.68 23.14 1.67 2.25 1.97 
Orthoclase 23.45 36.41 29.35 61.93 23.66 28.87 26.89 39.21 37.79 38.51 39.35 
Albite 56.24 52.25 58.42 7.85 26.69 18.3. 11.23 12.96 14.83 15.51 11.87 
Anorthi h 2.11 3.73 3.58 1.33 4.41 7.26 6.21 
Nepheline 1.46 19.74 3 •• 68 34.15 23.54 22.93 28.7. 25.29 
SioH te 6.81 '.37 1.97 5.23 11.83 6.42 9.45 7.99 9.66 18.28 6.64 
Wollastonite 7.87 5.65 · 3.59 1.98 
Riebedite 
"agnetite 2.84 1.85 '.64 '.62 3.49 6.18 3.31 3.79 1.94 1.14 3.86 
Haeaatih 8.28 
Sphene 8.28 2.96 3.35 2.72 2.99 2.56 1.96 2.25 
Rut iii! •• 16 8.13 8.17 8.61 
Apatite •• 87 8.89 8 •• 7 1.23 1.42 8.93 1.47 8.a. 1.82 8.72 
Zircon 8.11 8 •• 1 8.83 8.83 8.113 11.114 8.84 11.83 11.84 
Calci te 1.54 •• 25 2.34 8.19 8.39 1.25 2.16 4.43 3.aa nd 1.88 
Total 18 •• 1111 181.88 188.811 188.88 188.88 181.88 181.88 111.88 188.88 181.98 188.88 
(3) 
B118 B88 8232 8222 B82 823 B181 B96 B86 BI88 842 
Quartz 
Corundul 3.16 2.B' 2.11 3.53 4.76 3.4B 
Orthoclase 37.26 38.59 34.76 47.96 53.68 53.94 49.12 58.88 48.76 48.11 49.1. 
Albite 16.79 14.62 15.34 18.86 6.96 9.25 8.24 19.33 2 •• 26 26.48 28.94 
Anorthi te 1'.76 S.BI 4.45 8.78 8.25 8.71 6.22 •• 15 
Nepheline 24.45 28.48 34.95 19.69 18.2. 24.81 25.13 15.B6 12.85 11.26 9.93 
ACii te 
Wollastonite B.85 
Diopside '.36 3.72 6.87 1.82 2.97 
Hypersthene 
Oli vine 3.56 •• 93 3.68 2.811 4.31 3.68 6.96 5.52 6.73 1.64 
"agnetite 2.23 4.36 8.83 2.61 3.99 1.94 1.16 1.13 1.23 1.31 4.41 
Illeni te 1.44 1.57 1.18 1.25 2. 42 9.94 I. 48 1.92 1.59 1.77 1.45 
Haelatite 
Apati te 1.88 8.78 8.67 8.41 1.65 8.38 8.85 8.12 8.82 
Calcite 2.31 2.86 nd 2.56 1.75 3.4B nd 2.B6 nd 1.58 1.94 
Zircon 8.14 ••• 4 8.12 1.92 8.13 1.83 8.82 8.82 8 •• 2 
Total IBI.I" 18'.'8 18 •• B8 18 •• 81 liB." 1 ••••• 118.BI 181.82 188.81 11'.BB IH.88 
Quartz 
Corundul B.82 3.86 8.83 2.B8 2.37 4.6. 4.76 3.54 
Orthoclase 32.52 36.87 38.47 43.82 48.43 49.16 43.62 43.65 42.35 4 •• 36 46.45 
Albite 2B.67 16.86 19.72 21.25 11.15 12.22 12.3. 23.8B 25.4B 31.19 3'.22 
Anorthite 8.53 5.81 4.45 6.58 8.25 3.38 
Nepheline 22.35 27.27 32.58 IB.4. 15.94 23.19 22.93 12.59 11).12 7.78 9.24 
8iotite 7.86 3.98 7.32 7.23 8.68 8.17 9.52 12.17 11.92 13.17 4.35 
Wollastonite 1.63 2.41 •• 34 
Riebeckite 
Kagnetite 2.23 4.36 1.83 2.61 3.99 
Hae.atite 
8.94 1.16 1.83 1.23 1.31 4.41 
Sphene 1.87 2.12 1.53 3.13 1.82 1.58 2.B6 8.11 
Rutile 1.66 1.58 9.81 8.93 1.72 
Apatite 8.8B B.78 1.67 1.26 1.65 1.115 8.12 11.82 
Zircon 1.14 1.84 8.82 1.82 1.13 8 •• 3 8.12 8.82 1.82 8.82 
Calcite 2.31 2.86 nd 2.71 8.75 3.79 nd 2.86 nd 1.58 8.94 
Total 188.88 188.88 188.88 IB8.88 188.8. 188.98 IH.ll 188.88 188.88 188.98 188.88 
(4) 
B248 B85 B239 B122 B239 B41 B55 B95b B241 B283 8284 
Quartz 
Corundul 1.58 3.14 1.33 5.95 1.63 4.49 3.82 3.31 1.49 2.93 1.46 
Orthoclase 38.38 49.17 43.48 42.26 5'.95 47.27 38.95 31.91 38.52 25.48 39.28 
Albite 32.83 25.29 28.21 38.99 22.51 33.11 38.61 49.89 37.29 45.88 33.78 
Anorthih 8.26 8.76 1.35 8.89 1.51 2.81 





Olivine 3.56 4.83 2.61 4.86 3.65 4.16 3.99 2.63 2.22 2.29 1. 43 
"agneti te 1.49 1.89 1.89 1.37 2.38 2.21 1.99 '.92 1.43 1.11 1.72 
IIleni te 8.73 8.95 1.88 1.85 1.26 1.86 1.87 8.71 1.67 8.29 8.27 
Haelatite 
Apatite '.26 8.14 1.48 8.82 8.82 8.19 8.82 8.B2 
Calcite 1.82 1.83 1.18 1.29 1.28 8.68 8.77 2.23 8.64 8.64 3.19 
Ii rcon 1.15 8.13 8.84 8.84 8.83 8.82 8.82 8.11 1.11 8.36 3.35 
Total 111.18 18 •• 88 188.88 111.11 188.88 188.88 118.88 111 •• 8 1.1.88 188 •• 8 181.88 
Quartz 
Corundul 1.58 3.84 1.43 5.95 1.91 4.49 3.82 3.79 1.52 3.12 1.66 
Orthoclase 34.48 44.62 48.32 36.88 46.51 42.89 34.46 28.79 36.98 23.21 39.63 
Albite 35.21 28.89 39.16 42.33 25.47 35.97 41.33 51.59 38.82 47 .51 35.28 
Anorthi te 1J.85 2.34 
Nepheline 18.16 13.81 19.62 2.37 15.81 4.66 18.31 6.21 16.79 19.66 13.211 
Biotih 6.63 7.75 5.22 9.22 7.58 8.9B 7.74 5.21 4.37 4.81 8.86 
Wollastonite 
Riebeckite 
"agneti te 1.51 8.89 1.89 1.37 2.3' 2.21 8.99 8.92 1.44 1.11 8.86 
Haelatite 
Sphene 8.18 8.54 8.92 8.16 11.36 8.35 
Ruti Ie 8.38 8.58 '.35 8.55 8.44 8.98 8.56 1.33 8.Bl 
Apatite 8.22 8.49 8.12 8.19 8.82 8.112 
Ii rCOR 1.85 1.13 8.84 1.84 8.83 8.82 8.92 8.11 8.11 8.36 3.38 
Calcite 1.86 1.17 1.18 1.29 8.27 8.68 8.77 2.23 8.64 1).65 3.22 
Total 188.88 188.88 188.88 188.88 188.88 188.811 1811.88 188.88 188.811 188.811 188.08 
(5) 
8228 B183 B28 B113 B228a B227 B192 B198 B221 B217 B67 883a 
Quartz 3.38 
Corundul 1.36 2.87 1.91 8.B8 1. 58 1.92 1.72 1.75 2.31 5.52 3.34 3.83 
Orthocl ase 27.94 42.S3 29.69 24.93 34.S3 33.19 38.13 31.47 26.43 26.94 21.S1 32.87 
Albite 51.12 37.44 48.15 51.98 43.43 45.69 49.33 46.84 65.21 25.35 38.99 31.93 
Anorthite 3.81 2.87 4.58 8.47 
Nepheline 11.66 12.52 15.14 18.54 17.87 17.23 14.15 16.95 3.62 8.48 
ACli te 
11011 astoni te 
Diopside 
Hypersthene 1.65 13.86 
Olivine 2.11 1.33 2.97 2.79 2.43 1.89 3.52 1.75 9.48 8.95 11.56 
lIagneti te 8.62 8.71 8.B6 8.26 8.31 8.12 1.76 8.78 1.13 1.59 1.72 1.86 
Illeni te '.33 1.42 1.31 1.96 1.13 8.86 1.34 1.96 4.29 3.3' 1.77 
Haelatite 
Apati te 1.87 1.16 1.82 '.82 8.16 2.97 1.88 1.89 
Calci te 1.95 1.59 8.94 1.41 8.35 8.5B 8.21 9.16 8.Bl 9.94 13.17 7.89 
li rcOfl 1.14 1.43 8.12 8.21 1.23 8.3' 8.14 1.17 1.96- 1.14 1.85 
Total 118.18 118.11 111.88 IIB.88 188.0 188.18 IBI.88 181.11 181.0 111.18 188.88 111.B8 
Quartz 4.15 11.14 1.98 
Corundul 1.58 2.B7 1.91 8.81 1.51 1.92 1.72 8.79 2.31 5.52 5.82 4.81 
Orthoclase 25.83 41. 86 26.65 21.35 32.23 32.35 26.61 38.75 25.27 3.74 9.17 19.87 
Albite 51.65 38.29 51.11 53.76 44.99 46.26 51.68 47.37 65.21 25.35 45.67 41.58 
Anorthite 3.21 1.97 
Nepheline 18.78 12.16 14.88 17.54 16.22 16.92 12.82 16.66 3.79 
Biotite 3.74 2.61 5.17 4.64 4.88 1. 49 6.86 ·1.28 2.85 38.41 18.91 21.53 
Wollastonite 
Riebecki te 
lIagnetih 1.62 1.71 1.86 •• 26 8.31 •• 12 1.76 1.78 '.13 1.61 1.72 1.16 
Haelati te 
Sphene 1.43 8.17 3.22 8.33 
Rutile 8.22 '.16 '.13 '.17 8.83 '.18 2.26 8.42 '.81 Apatite 8.B7 2.57 1.88 1.89 Zircon It. 14 8.43 1.12 8.21 It. 23 8.38 1.14 1.17 1.86 1.84 1.95 Calcite 1. 95 1. 76 8.94 1.41 8.37 8.61 1.21 8.16 8.98 18.34 13.87 7.18 Total 188.81 188.81 181.88 181.BI 188.BI 188.08 188.09 198.81 198.08 IB8.88 111.88 188.81 
(6) 
B91a B32 872 894 898 851 8237 
Quartz 3.48 2.13 8.98 8.93 12.35 8.95 13.78 
Corundul B.76 1.38 
Orthoe lase 29.53 23.52 23.38 19.24 23.37 21.21 18.95 
Albite 66.18 69.91 52.23 63.63 68.86 65.41 63.72 
Anorthite 2.66 1.14 9.28 9.8~ 
Nepheline 
ACiite 4.69 8.19 
Woll astoni te 8.8B 8.77 B.63 
Diopside 1.89 1.91 7.11 3.91 3.11 
Hypersthene 1.25 8.13 8.68 B.81 
Oli vine 
"agneti te 1.78 1.27 1.26 1.33 8.81 8.77 8.29 
II aeni te 1.38 1.43 1.58 1.39 1.37 9.39 1.38 
Haetlatite 1.19 1.36 1.87 
Apatite 1.12 1.21 '.44 1.17 1.23 8.12 9.16 
Calcite 2.84 9.23 8.58 1.51 8.18 8.18 8.64 
Zircon 8.13 1.13 1.114 1.13 1.13 1.13 8.93 
Total 118.88 118.18 188.11 118.11 118.18 118.18 181.18 
Quartz 4.41 2.46 11.98 9.98 12.76 8.88 14.41 
Corundul 8.76 1.64 
Orthoclase 18.78 23.11 28.75 17.47 22.73 19.73 17.31 
Albite 66.88 69.91 52.23 63.63 61.86 65.41 63.72 
Anor thite 2.66 1. 14 1.21 1.18 
Nepheline 
Bi oti te 2.65 1.72 3.77 2.66 1.93 2.27 1.98 
Wollastoni te 1.34 1.15 4.11 2.53 2.11 
Ri ebecki te 4.72 8.38 
"agnetite 1.71 9.94 1.33 1.33 8.78 8.8B 
Hae.atite 8.63 1.79 1.46 
Sphene 8.39 1.57 1.76 1.49 1.39 1.49 
Ruti Ie '.19 
Apatite 9.12 ' .21 1.44 1.17 1.23 '.12 8.16 
Zi reon 8.n 1.83 '.14 8.83 B.83 8.13 1.93 
Calcite 2.85 1.23 '.51 1.51 1.18 B.18 1.64 
Total III.BI 181.81 181.89 111.81 191.11 IBB.BI 111.81 
\VANGU 
TABLE A3.3 (1) 
11435 11434 H27 11149 "Ii "Ic "Zb "Zh 11231 11235 
Quartz 15.87 18.54 27.11 41.83 46.21 19.76 22.49 17.48 16.38 19.93 
Corundul 8.51 1.97 1.15 8.97 
Orthochse 25.19 18.52 31.27 22.24 24.98 11.74 27.61 31.88 34.98 37.52 
Albite 41.84 44.45 27.67 29.65 24.83 55.98 37.66 41.86 38.78 25.87 
Anorthite 1.93 2.35 1.89 1.21 8.25 1.12 1.91 I.S5 
Leucite 
Nepheline 
AClite 1.83 8.44 
lIo11astonite 
Di opside 2.58 3.87 1.23 8.11 1.55 2.54 
Hypersthene 9.88 9.43 11.41 5.91 3.33 1.35 1.48 1.47 1.79 1.28 
. Olivine 
"agnetite 1. 23 1.38 2.23 1.61 1.61 3.86 3.17 1.71 2.71 
Illenite 1.25 1.21 1.78 1.46 1.25 1.21 1.18 1.38 1.87 1.29 
Haelatite 4.42 5.26 4.75 6.39 1.11 
Sphene '.77 
Apatite 1.15 1.85 1.17 1.17 1.19 1.12 
Calcite 
Zircon 8.23 1.34 1.22 1.34 1.28 1.36 1.32 1.38 1.37 1.31 
Total 181.81 1111.81 111.81 188.98 111.81 181.'1 III." 111.88 111.11 181." 
Quartz 21.12 23.91 32.29 42.79 47.57 19.91 22.78 17.76 16.58 21.27 
Corundul 9.11 8.58 1.16 1.55 1.31 1.38 
Orthochse 16.28 9.51 21.81 17.76 21.51 11.38 27.19 31.36 33.11 36.17 
Albite 41.82 44.45 27.67 29.65 24.82 55.84 37.69 48.98 38.78 25.87 
Anorthite 1.93 2.35 1.86 
Biotite 15.46 15.68 14.72 7.89 4.52 1.47 8.63 8.78 1.38 1.94 
lIollastoni te 1.27 1.91 1.38 
Hypersthene -
Riebedite 1.65 7.57 
"agnetite 1.28 1.31 2.22 8.61 8.88 6.65 6.52 5.15 8.18 
Hal!latite 2.79 2.58 2.98 6.33 4.81 
Sphene 1.61 1.56 1.81 8.15 1.18 '.79 8.64 1.84 1.27 1.66 
Rutile 1.18 8.S6 1.38 1.36 S.37 1.26 
Apatite S.85 8.95 ' ... 7 8.16 1.19 8.82 Zi reon '.23 '.34 ' . 22 '.34 1.28 1.36 '.32 1.38 '.37 1.31 
Calcite nd nd nd nd nd nd nd nd nd nd 
Total 181.S8 188.98 111.19 181." 198.8t 18'.81 11t.91 181.98 111.91 181.91 
(2) 
11234 11229 11232 "Zg 11233 "Ze "Zf 11228 11436 11227 
Quartz 19.93 44.99 31.32 35.27 48.66 51.75 52.91 
Corundu. 
Orthoclue 28.6 12.28 6.92 ~.27 3.54 7.98 7.83 14.11 25.49 31.19 
Albite 42.42 34.36 23.15 21.82 23.34 17.63 17.14 21.61 31.57 
Anorthite 5.44 12.48 2.25 
Leucite 22.39 
Nepheline 7.18 1.87 1.61 
Ac.ite 1.51 3.98 8.56 9.92 4.17 4.87 4.13 
1101 hstonite 2.89 3.36 2.13 3.26 3.94 
Diopside 8.97 8.78 5.29 2.98 4.73 2.68 3.86 4.41 11.35 6.74 
Hypersthene 11.58 '.11 
Olivine 28.11 18.13 13.58 
Itignetih 1.15 1.65 11.11 11.98 7.11 6.44 6.31 2.51 2.49 1.95 
Il.enite 1.18 8.41 8.58 0.48 8.59 1.44 0.48 7.37 6.88 2.29 
Hieaatite 4.14 2.27 9.59 7.17 5.119 5.35 5.24 
Sphene 
Apitih 8.23 11.119 8.12 8.119 1.115 1.89 2.91 1.68 2.27 
Calcite 5.61 7.58 
li rcon 9.119 1.36 8.61 11.53 9.75 1.45 1.58 1.16 11.82 1.16 
Total 111.8' 1".11 118.'1 I ..... lIB. 18 181." 111.11 111.11 111.18 118.81 
Quartz 19.76 45.94 28.87 32.42 . 47.81 51. 29 53.82 1.56 5.82 6.36 
Corundu. 1.99 1.16 
Orthoclase 27.96 11.89 4.66 7.11 1.52 5.95 5.74 4.15 11.34 
Albite 42.42 34.36 23.85 21.87 23.34 17.67 17.18 13.26 24.87 32.69 
Anorthite 12.33 2.25 
Biotite 1.34 1.56 3.24 1.84 2.91 1.65 1.89 69.63 41.27 38.85 
1101 hstonite 1.97 5.27 3.11 4.11 2.93 2.68 1.71 
Hypersthene 3.37 
Riebedih 3.91 2.5B 16.88 19.43 8.29 9.71 8.24 
"agnetite 1.53 1.64 2.32 3.25 2.51 2.49 1.95 
Haeaati te 4.47 3.81 17.45 13.16 8.79 7.51 6.71 
Sphene 1.88 8.51 8.76 1.61 11.76 8.57 11.62 7.65 8.88 2.95 
Ruti Ie 8.21 8.77 
Apatite 11.23 8.89 11.12 8.89 11.85 11.119 2.91 1.68 2.27 
Zircon 11.19 8.36 8.61 1.53 11.75 B·. 45 11.58 1.86 1.93 1.16 
Calci te nd nd nd nd nd nd nd 5.61 nd 7.57 
Total 199.99 181.811 191U9 181.89 189.111 191.111 1011.08 IB8.91 198.01 181.811 
(3) 
H24 H23 H17 HI8 H6 
Quutz 24.48 25.91 24.29 25.53 31.65 
Corundua 1.18 8.83 
Orthoclase 6.14 18.52 5.31 15.66 7.62 
Albite 49.32 47.13 54.23 46.21 46.53 





Diopside '.16 '.71 1.78 
Hypersthene 3.79 3.25 2.45 2.81 1.43 
Oli vine 
hgnetite 8.44 1.37 8.29 1.42 a.27 
Il.enite '.41 '.28 1.21 8.25 8.25 
Hae.aU te 
Sphene 
Apatite 1.18 '.16 8.14 1.89 8.18 
~aIcite 
Zircon 
Total lBI.B8 lBI.BI 118.S1 II1.SB II1.BI 
Quartz 26.39 27.62 25.65 27.11 31.83 
Corundu. B.36 1.88 8.12 
Orthoclase 2.92 7.78 3.23 13.117 5.64 
Albite 49.3B 47.18 54.211 46.18 46.52 
Anorthite 14.68 11.12 12.71 8.34 11.27 
Biotite 5.29 4.49 3.39 4.31 3.26 
Wall astoni te '.16 a.69 
Hypersthene 
Riebeckite 
Ifagnetite 8.45 a.38 1.29 11.42 1.28 
Haetati te 
Sphene 11.52 11.37 1.27 1.32 1.32 
!!uti Ie 
Apitite 1.19 B.16 1.14 1.19 1.19 
Zircon 
Calcite nd nd nd nd nd 
Total 181.9t 18t." 111 •• a 181.8a 118.el 
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Published papers am syuposium alstracts 
Trans . geol. Soc. S. Afr., 89 (1986) , 361-365 
PERALKALINE GNEISSIC GRANITES IN THE NGOYE GRANITE-GNEISS FORMATION, 
NATAL 
by 
A.J . SCOGINGS 
ABSTRACT 
The Ngoye Granite-Gneiss Formation is located in the Natal sector of the Namaqua-Natal MobileBelt. 
Eight different granite types have been recognized within the formation. These range from pe~alumlnous 
to peralkaline in composition . The peralkaline granites underlie about 10 per cent of the formatIOn a~d are 
essentially restricted to its southern contact with surrounding amphibolitic country rocks . Peralummous 
granites are typically muscovite- and gamet-bearing whereas metaluminous varieties contain pale-green 
biotite and hornblende. Riebeckite and aegerine , with zircon and fluorite as common accessory mmerals , 
are characteristic of the peralkaline granites. Geochemically , the peralkaline samples analysed display. a 
range in agpaitic index (A. I. = mole Na20 + K20 /Ah03) from 1,02 to 1,.08. Th.ey are generally depleted In 
AI , Ca, and Mg relative to average granites, whereas Na and K are relatively high. Trace element analyses 
show enrichment of Nb , Zr, and Zn and depletion of Ba and Sr in. the peralkaline granites. Stream 
sediment samples have delineated several mineralization targets around the margin of the massif. Those 
along the southern contact are associated with magnetite--quartz-rich rocks , which are highly enriched in 
Nb , Zr, Y, Zn , U, Th and to a lesser extent Sn and W. One target on the north-eastern margin of the 
formation has enhanced Sn contents. 
The Ngoye Granite-Gneiss Formation is similar in size , morphology and composition to the younger 
anorogenic granite complexes of Nigeria, Sudan, and Saudi Arabia. It may be classified as an "A" type or 
"within-plate" granite complex. 
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L INTRODUCTION 
A. Location 
The Ngoye Granite-Gneiss Formation is a prominent 
whale back massif at the north-eastern extremity of the 
Natal portion of the Namaqua-Natal Mobile Belt. Situated 
to the south-west of Eshowe it has been subdivided into a 
main body which extends westerly for 30 km from Felixton 
and a smaller 3 km long Ninians body just north of Felixton 
(Fig . 1) . 
B. Previous Investigations 
The granitic nature of the " Engoye [sic 1 Mountains" was 
first noted by Anderson (1901) who also observed that 
these hills occupy " the axis of the metamorphic belt" . 
Subsequent , research by McCarthy (1961) and 
Charlesworth (1981) confirmed Anderson's original 
appraisal of the area. Whereas McCarthy (1961) noted that 
biotite was the predominant mafic mineral , with local 
developmen t of garnetiferous types , Charlesworth , in 1981 , 
described hornblende-bearing granite gneisses in the main 
body. However , due to insufficient field data, he had to 
conclude that the hornblende granites were not restricted to 
any particular part of the formation and that the dominant 
lithology was characterized by biotite . Furthermore , 
Charlesworth (1981) proposed a transition from remnant 
augen-gneiss pods in the centre of the main body, through 
predominant strongly gneissose types , to bounding 
mylonites . The sharp , in places , mylonitized contacts of the 
granite were cited as evidence for the thrusted nature of the 
Ngoye Granite-Gneiss Formation. This was depicted by 
Charlesworth as an antiformal thrust sheet of igneous , 
mantle-derived granite gneiss. 
C. Geological Setting 
The Ngoye Granite-Gneiss Formation is situated at the 
north-eastern end of the 1100 Ma Namaqua-Natal Mobile 
Belt , just to the south of the Natal Thrust-Front 
(Charlesworth, 1981) . It has been assigned to the Nkomo 
Nappe at the base of the Tugela Group (Matthews and 
Charlesworth, 1981) . The formation has a characteristic 
east-west-striking foliation , with steep southerly dips along 
the southern margins and moderate to steep northerly dips 
along the northern flanks of the massif. 
D. Present Study 
Interest in the area was generated in 1981 with the 
discovery by Mining Corporation of radioactive , quartz-
rich , magnetite-bearing rocks along the southern contact 
zone of the Ngoye Granite-Gneiss Formation. Subsequent 
stream sampling and geophysical work delineated several 
targets along this zone which were trenched and assessed . 
Reconnaisance mapping by the author, whilst employed by 
Mining Corporation, indicated the presence of at least four 
distinctly different , mappable , granite units within the 
formation . The aim of the study has therefore been to: 
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Figure 1 
Simplified geological map of the Ngoye Granite-Gneiss Formation . Younger cover and Kaapvaal Craton data from Matthews and 
Charlesworth (1981). 
1. map (at a scale of 1 : 10 000) the various lithologies and 
their field relationships ; 
2. establish compositional variations by microscopic and 
geochemical techniques and to define granitic types ; 
3. investigate the structural aspects, in particular the 
mylonites and shear zones; and 
4. establish the relationship of the radioactive magnetite-
rich rocks to the Ngoye Granite-Gneiss Formation. 
This paper outlines the petrographic and geochemical 
results so far achieved. 
II. LITHOLOGY 
Eight gneissic granite types were distinguished during 
field mapping and thin section examinations (Fig. 1) . 
Average modal analyses are presented in Table I, and for 
simplicity the terms "gneiss and gneissic" have been 
omitted from the following brief descriptions . 
1. Biotite granite occurs in the eastern part of the main 
massif as well as in the Ninians Body (Fig. 1) and is the 
entity described by McCarthy (1961) and Charlesworth 
(1981) as the " Ngoye Granite-Gneiss". It is grey to pinkish 
in colour , with ovoid pink microcline megacrysts set in a 
groundmass of plagioclase, quartz and biotite. The 
mic·rocline crystals, which range up to 2 cm in length, are 
often mantled by white plagioclase. Microscopically , 
microcline and plagioclase (An2()"JO) are present in almost 
equal amounts (Table I) whilst pale-yellow to olive-green 
biotite with associated epidote and sphene are 
characteristic of this lithology. Muscovite and fluorite are 
present in places . 
2. Quartz monzonite forms a small body on the north-
western flanks of the main massif. It is a pinkish-grey , 
medium-grained rock superficially similar to the biotite 
granite. Quartz contents are , however , low, and modal 
analyses (Table I) reveal almost equal contents of 
microcline and plagioclase (An3()"3S). Accessories comprise 
chlorite , biotite. epidote , and sphene. 
3. Biotite-hornblende granite crops out over most of the 
western half of the main body (Fig. 1) . In the field this 
medium-grained rock type is distinguished from the biotite 
granite by a lack of microcline megacrysts and by the 
occurrence of clots and streaks of greenish-black 
hornblende. Modal analyses (Table I) show microcline to 
be more abundant than plagioclase (An2()..JO), with 
hornblende and biotite the dominant mafic minerals . 
Sphene , epidote , and fluorite are accessories. 
4. Hornblende microgranodiorite forms a sheet up to 
1 km in thickness and defines a westerly plunging 
antiformal closure at the western extremity of the main 
massif (Fig. 1). It is essentially fine grained and contains 
microcline subordinate to plagioclase (An35-40) with 
hornblende the dominant mafic mineral (Table I). Epidote 
and garnet are accessories . 
5. Muscovite-biotite granite occurs along the northern 
portion of this main massif as well as in the southern part of 
the Ninians body (Fig. 1). It is off-white in colour, medium-
grained , and contains microcline and plagioclase (Anl()"lS) 
in almost equal amounts , with biotite the principal mafic 
minerai. Muscovite may occur to the exclusion of biotite ; 
with the muscovite-rich varieties characterized by small 
reddish garnets. This granite hosts microcline-quartz 
pegmatites , with occasional muscovite pods , along the 
northern-western margin of the main massif. 
6. Riebeckite-biotite granite crops out along most of the 
southern part of the main massif and is a pinkish , medium-
grained granite characterized by discrete aggregates of 
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TABLE I 
Average Modal Analyses (vol. per cent) for Rocks from the Ngoye Granite-Gneiss Formation 
Biotite- Hornblende Muscovite*- Riebeckite- Radioactive 
Biotite Quartz hornblende micrograno- biotite biotite Riebeckite Magnetite aplite/ 
granite monzonite granite diorite granite granite granite micro granite pegmatite 
Samples 
Analysed n=22 2 16 3 13 7 3 5 4 
Quartz 32,0 12,1 33,8 36,7 36,6 36,3 33,3 36,0 
72,1 
Microline 29 ,1 34 ,7 36,7 14,1 30,S 31 ,1 31 ,9 52 ,3 5,6 
Plagioclase 30.1 36,8 22,S 42 ,3 29 ,4 28,7 29,4 9,7 7 ,7 
Hornblende 0 ,3 3,5 4,6 
Biotite 6, 1 0,6 2,5 2 ,3 1,8 
Chlorite 4,7 
Muscovite 0,6 
Riebeckite 1,1 4 ,8 
Aegerine 0 ,3 
Sphene 0,5 1,4 0,3 t 
Epidote 0 ,6 7,2 0,3 0,4 
Garnet 0,3 
Opaque 0 ,3 1,5 0,8 1,8 11,8 
Zircon 0,4 2 ,4 
Fluorite 
Allanite t t t 
Total 99 ,0 99 ,4 99 ,6 99,2 99,4 99 ,3 99,4 99 ,8 99 ,6 
% Outcrop 20,0 0,2 45 ,0 4,0 20,0 8,0 0,2 2,6 
Peraluminouslmetaluminous granites 89 ,2 % of area 
Peralkaline granites 10,8 % of area 
• Include muscovite-rich varieties 
t = Trace , less than 0,25 % 
Modal analyses performed on sections stained for K-feldspar and plagioclase (Hutchison, 1974). 
biotite , riebeckite , and occasional aegerine. The riebeckite 
and aegerine are strongly pleochroic (ex = prussian blue, ~ 
= grey blue,y = yellow) and (ex = emerald green, ~ = green , 
y = yellow-green), respectively. The biotite (ex = yellow,y = 
brown) is sometimes present to the complete exclusion of 
riebeckite and aegerine. Microcline and plagioclase 
(An()"'IZ) are present in subequal amounts (Table I) . Clear to 
purplish fluorite is a common accessory and may form up to 
1,5 per cent of the mode . 
7. Riebeckite granite occurs as thin «50 m wide) bands 
closely associated with the magnetite microgranite . This 
medium-grained rock is characterized by colourless to 
white feldspars and shiny blue-black riebeckite crystals , 
with microcline and plagioclase (An()"'12) present in almost 
equal amounts. Zircon is an ubiquitous accessory. A few 
pegmatitic portions contain riebeckite and zircon crystals 
up to 1 cm in length. 
8. Magnetite microgranite is located along the south-
central to south-eastern margins of the main body and also 
forms sheets within the country rocks (Fig. 1) . It is a light-
pink, fine-grained granitoid characterized by magnetite as 
the predominant mafic mineral. Microcline perthite greatly 
exceeds plagioclase (An",15) and zircon is a common 
accessory. Streaks and knots of quartz and magnetite-rich 
aplitic/pegmatitic material are encountered, in places, in 
the microgranite and are commonly radioactive . Minerals 
present in such rocks include abundant zircon, minor 
amounts of a yellow-brown mineral tentatively identified as 
fergusonite , biotite, and rare fluorite . 
III. GEOCHEMISTRY 
Whole-rock analyses and CIPW norms for 
riebeckite-biotite and magnetite-bearing granites from the 
southern part of the massif (Fig. 1) are presented in Table 
II. Based on Shand's (1947) classification they are 
peralkaline, as the combined molecular proportions of 
NazO and KzO exceed AhO}, i.e.: Na + KlAI > 1. This 
ratio varies from 1,02 to 1,08 and is given as the agpaitic 
index (A.I.) in Table II. These rather low indices are similar 
to that of the Nigerian riebeckite-biotite granite given in 
Table II and classified by Bowden and Turner (1974) as of 
intermediate peralkalinity. The analyses presented in Table 
II show the Ngoye samples to be depleted in Ah03, MgO, 
and CaO, as well as the trace elements Ba and Sr relative to 
the average granite of Le Maitre (1976). These features, 
coupled with relative enrichments in NazO + KzO, as wen 
as enhanced Nb and Zr are characteristic of peralkaline 
granites (Radain and Kerrich , 1980). Similarly, the 
presence of acmite and the absence of normative anorthite 
for the Ngoye analyses is typical of Ah03-depleted granites 
(Nockolds et al. , 1978). 
Trench samples at the highest grade target (Anomaly 1) 
showed highly variable concentrations of Nb 
(22{}-3135 ppm), Ta (up to 194 ppm), Sn (up to 621 ppm), 
W (up to 124 ppm) and U (up to 309 ppm), over widths of 
between 0,4 and 3 m. Samples randomly analysed for Th 
and Zr yielded values of up to 1800 and 15400 ppm, 
respectively. Data from two boreholes (NGI and NG2) 
provided additional evidence that the mineralization is 
apparently of narrow width and low, irregular grade. 
Anomalous Sn values were detected in samples from 
streams draining the north-eastern flanks of the massif. 
Subsequent investigations indicated their derivation from 
small muscovite-rich pods in muscovite-biotite granite (a 
single analysis yielded 572 ppm Sn). According to the 
parameters described by Loiselle and Wones (1979), and 
Collins et al. (1982) the Ngoye samples analysed have all the 
geochemical characteristics of "A"-type granites. These 
authors describe" A" -type granites as typically enriched in 
NazO and KzO whilst containing low CaO and MgO 
contents. They are also commonly enriched in Zr, Nb, 
REE, Zn, Sn, and W. Characteristic modal minerals 
include aegerine and riebeckite, with zircon and fluorite as 
common accessories (Loiselle and Wones, 1979). 
IV. DISCUSSION 
Petrographic evidence clearly indicates that the granites 
of the Ngoye Granite-Gneiss Formation vary from 
peraluminous to peralkaline in composition. Moreover, the 
peralkaline nature of the riebeckite- and biotite-bearing 
varieties is corroborated by the major element aflalyses 
which show the excess of (NazO + KzO) relative to Ah03 
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TABLE II 
Major (wt %) and Trace Element (ppm) Abundances and CIPW 
Norms for Peralkaline Rocks from the Ngoye Granite-Gneiss 
Formation (Sample Localities on Fig. 1) 
CIlO C46 C108 Clll A B 
Si02 76.55 78,47 76.06 71 ,32 76 ,84 71 ,30 
Ti02 0,12 0,11 0, 19 0,24 0,07 0.31 
AI2O) 11 ,52 11 ,40 11 ,21 6,07 11 ,24 14.32 
FeIO) 0,37 0,24 0,49 3.33 1,06 1.21 
FeO 1,34 0,94 1.79 11,97 1,27 1.64 
MnO O,D! 0,02 0,05 0,17 0,02 0.05 
MgO 0.03 0,08 0,13 0,00 0.11 0,71 
CaO 0,21 0,06 0,26 0,16 0.54 1.84 
NaJO 3,08 4.28 3.82 2,29 4.29 3,68 
KIO 6,14 4,52 4,80 2,58 4,28 4,07 
P10 l 0,02 0,01 0.02 0,04 0,01 0.12 
LOI 0,22 0,11 0,19 0,02 0,08 0.64 
H2O 0,27 0.10 0,09 0,10 0.04 0,13 
Total 99 ,88 100,34 99.13 98,29" 99 ,93 100.07 
A .I. 1,02 1,05 1,03 1,08 1,04 0,73 
Q 34,22 36,78 34,38 40 ,20 35,05 29,06 
or 36,47 26 ,69 28,91 15 ,57 25 ,29 24,50 
ab 25 ,15 33,54 30,92 17,29 33.98 31 ,13 
an 8,04 
c 0,92 
ac 0,88 0,46 1,39 2,31 1,11 
ns 0,49 
di 0,87 0,24 0,98 0,49 2,15 
hy 1,88 1,65 2,96 19,80 0,85 3,37 
mt 3,71 0,98 1,75 
il 0,15 0,15 0,30 0.46 0,13 0,58 
ap 0.03 0,19 0,10 0,02 0,28 
cc 0,12 
Nb 38 48 59 1886 20 
Zr 458 344 527 3443 200 
Y 87 46 79 1265 34 
Sr 14 2 8 6 
. 300 
Rb 240 156 144 95 200 
Ba 12O 49 212 56 830 
Zn 57 35 142 622 60 
U n.d n.d n.d 141 3,5 
W n.d n.d n.d 14 1,5 
Sn 6 19 n.d 113 3 
--not available 
n.d . -not detected 
• totalexludesO,19 % Nb ; 0,34 % Zr ; 0,13 % Y; andO,18 % REE. 
A.I. -Agpaitic Index, or mol. pops NalO + KIO/AhO) 
CIIO- magnetite microgranite . Ngoye 
C46. C108- riebeckite-biotite granite, Ngoye 
C 111- magnetite-quartz aplite/pegmatite , Ngoye 
A-riebeckite-biotite granite , Nigeria. from Bowden and Turner 
(1974) . 
B-average granite. Le Maitre (1976) and average trace element 
contents from Rosier and Lange (1972). 
Sample C46 collected by S.B. Gain in 1982. Remainder collected 
by Gain and Scogings in 1983. Analyses by M.R. Sharpe , 
Pretoria University. 
CIPW norms from recalculated 100 % volatile-free analyses. 
concentrations, as well as depleted MgO and CaO (Shand, 
1947; Bowden and Turner, 1974; Nockolds et al., 1978; 
Radain and Kerrich, 1980). Similarly, enrichments of the 
trace elements Nb, Zr , Th, Y, and U as well as Ba and Sr 
depletion at Ngoye are characteristic of peralkaline 
chemistry (Gerasimovsky, 1974; Bowden and Turner , 
1974; Harris and Marriner, 1980). 
According to the parameters suggested by Loiselle and 
Wones (1979) and Collins et al. (1982), the Ngoye 
specimens so far analysed are typical " A"-type granites . 
These authors , as well as Gass (1982) and Pitcher (1983) 
have noted that " A"-type granites (often as ring-
complexes) are intruded into stable intracratonic or back-
arc settings . Furthermore, Brown et al. (1984) proposed 
that such granites are intruded at increased distances 
(continentwards) from subduction zones relative to calc-
alkaline magmas. They suggest that the incompatible 
elements Nb, Zr , and Yare introduced into " A "-type 
magmas from within-plate mantle sources. Comparison of 
the Ngoye Granite-Gneiss Formation with the well-known 
" younger" granitic complexes of Nigeria, Saudi-Arabia 
(Fig. 2), and the Sudan reveals marked similarities , 
particularly with regard to lithologies, size of complex, 
geochemistry, and economically important minerals 
(Bowden and Turner, 1974; Harris and Marriner, 1980; 
Radain and Kerrich , 1980). 
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Figure 2 
Simplified geological map of the Hadb-Aldyaheen peralkaline 
granite complex, Saudi Arabia from Radain and Kerrich (1980). 
The inference, therefore , is that the Ngoye Granite-
Gneiss Formation is a metamorphosed granite ring 
complex, and according to Loiselle and Wones (1979) 
should have been intruded in a post-orogenic (late 
kinematic) or anorogenic tectonic environment. Thus, in 
accordance with Matthews' (1981) model , the Ngoye 
Complex may be related to the final stages of a continent-
arc collision and cratonization sequence, similar to that 
proposed by Gass (1982) for the Saudi-Arabian shield. 
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Accepred 28 December 1988 
During 1986 several gneissose carbonatites of sovite composition were discovered in the northern portion of the 
1100 Ma Natal Structural and Metamorphic Province , where they form an integral part of the Bull's Run Syenite 
Gneiss Complex. The latter is a complex body of syenite and nepheline-syenite gneisses with minor intrusive 
phases of carbonatite and peralkaline microsyenite. The carbonatites comprise principally calcite , apatite and 
biotite with ilmenite , pyrite, pyrochlore and zircon as accessory phases. Geochemically, the samples have 
typical sovite major-element concentrations , with low Si02 , A120 3, MgO , Na20 , and K20 while enhanced CaO 
and P20 S reflect the presence of essential modal calcite and apatite. Enrichment of Nb , Y , Ba , and Sr in the 
Bull's Run carbonates , relative to sedimentary limestone , is considered indicative of their magmatic origin. 
Chondrite-normalized REE data support a magmatic derivation for the carbonate gneisses , with high LREEI 
HREE ratios and lack of Eu anomaly . A muscovite-rich syenite gneiss envelope around the nepheline syenite is 
interpreted as a possible fenite , in which the high alumina content of the pelitic country rocks suppressed the 
formation of aegirine and riebeckite . Because the carbonatitel nepheline syenite association is generally 
considered diagnostic of a rifted intracratonic or taphrogenic environment at the time of intrusion , its discovery 
within the Natal Structural and Metamorphic Province has significant implications with respect to the tectonic 
history of this metamorphic belt. 
Gedurende 1986 is verskeie gneisagtige karbonatiete van sovietsamestelling in die noordelike deel van die Natal 
Strukturele en Metamorfe Provinsie van 1 100 Ma ontdek wear hulle 'n integrale deel van die Bull 's Run 
Sienietgneiskompleks vorm . Laasgenoemde is 'n ingewikkelde liggaam van sieniet en nefeliensienietgneise met 
geringe intrusiefasies van karbonatiet en peralkaliese mikrosieniet. Die karbonatiete bestaan hoofsaaklik uit 
kalsiet , apatiet en biotiet met ilmeniet , piniet , pirochloor en sirkoon as bykomende fases . Geochemies het die 
voorbeelde tipiese soviethoofelementekonsentrasie , met lae Si02, A120 3, MgO, Na20 en K20 , terwyl 
verhoogde CaO en P20 S die teenwoordigheid van belangrike modale kalsiet en apatiet aandui . Verryking in Nb , 
Y , Ba en Sr in die Bull's Run-karbonate met betrekking tot sedimentere kalksteen , word beskou as aanduidend 
van hulle magmatiese oorsprong_ Chondrietgenormaliseerde REE-data onderskryf ' n magmatiese herkoms vir 
die karbonaatgneise met hoe LREEIHREE-verhoudings en ' n gebrek aan Eu-anomalie , 'n muskovietryke 
sienietgneis wat die nefeliensieniet omhul word gei'nterpreteer as ' n moontlike feniet waarin die hoe alumina-
inhoud van die pelitiese newegesteentes die vorming van aegirien en riebeckiet onderdruk het. Aangesien die 
karbonatiet/nefeliensieniet-assosiasie oor die algemeen beskou word as diagnosties van 'n gekerfde 
intrakatoniese of tafrogeniese omgewing ten tye van intrusie , het die ontdekking daarvan in die Natal 
Strukturele en Metamorfe Provinsie betekenisvolle implikasies met betrekking tot die tektoniese ontwikkeling 
van hierdie metamorfiese gordel voorgestel is . 
Introduction 
The Bull 's Run Syenite Gneiss Complex (BRSGC) is 
located some 180 km east-northeast of Durban , Natal 
(Figure 1) where it forms a prominent easterly trending 
ridge rising to some 400 m above the north bank of the 
Mhlatuze River. Geologically the BRSGC is situated 
within the northern marginal zone of the - 1100 Ma 
(Kibaran) Natal Structural and Metamorphic Province 
(NSMP) , just south of the Natal Thrust Front and the 
Kaapvaal Craton (Charlesworth , 1981). Matthews & 
Charlesworth (1981) interpreted this complex as a 
thrusted sheet of syenitic gneiss within the Nkomo 
Nappe , at the base of the Tugela Group . The latter is 
suggested to comprise imbricate-thrusted slices of 
metamorphosed ocean floor and island-arc material 
obducted northwards onto the Kaapvaal Craton 
(Matthews, 1981) . 
Du Toit (1931) was the first to report on the granitic 
nature of the terrane immediately north of the Mhlatuze 
River . Subsequently , De Villiers (1941 , p. 501) recorded 
the occurrence of niobium-bearing minerals in ' a 
somewhat weathered albitite which .. ... occurs in 
basement about 15 miles north of the village of Eshowe' . 
The discovery of eluvial and alluvial deposits of zircon 
and monazite during the 1940s drew the attention of the 
Geological Survey to the economic potential of this area. 
These occurrences were described several years later by 
Von Backstrom (1962) who noted extremely large 
zircons up to several inches in length within decomposed 
gneisses on Bull's Run Estate. He concluded that the 
potential deposits were of low grade and although fairly 
extensive, of limited economic potential. 
Reconnaissance sampling by the author during 1987 
confirmed Von Backstrom's appraisal , with grades of up 
to 0,66% combined ilmenite , zircon , and pyrochlore in 
eluvial soil deposits. 
The syenitic character of the gneisses on Bull's Run 
Estate was first suggested by Nicolaysen & Burger (1965 , 
p. 508) which they described as 'soda-rich Tugela 
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interest, as it provided one of four rock types selected for 
the first age determinations in Natal by these authors. U-
Th-Pb dates on a single zircon from Bull's Run gave ages 
of 1140 ± 35 Ma and 1100 ± 40 Ma, while KJAr dating of 
biotite yielded an age of 900 Ma. 
Although Nicolaysen & Burger (1965, p. 505) 
proposed the name 'Bull's Run Syenitic Gneiss ' to 
describe the lithology, they did not delimit the body or 
make specific observations concerning its modal or 
chemical composition. Charlesworth (1981) 
subsequently delineated the complex and was able to 
demonstrate that the BRSGC is some 15 km long and up 
to 2 km wide. On the basis of modal analyses , 
Charlesworth classified the BRSGC as predominantly 
syenitic to quartz-syenitic in composition, with biotite 
the characteristic mafic phase. Scapolite was noted in 
several thin sections and suggested to be a metamorphic 
mineral, often occurring as replacement veinlets in K-
feldspar megacrysts. 
As recorded by Charlesworth (1981 , p. 53) 'contacts 
(of the Bull's Run syenite) with the adjacent lithotypes 
are rarely observed', although highly mylonitized 
syenitic gneisses were noted to outcrop in the Mhatuze 
Valley along the northern margin of the BRSGC. This 
mylonite occurrence, in conjunction with mylonites 
observed on the southern margin, were interpreted by 
Charlesworth as representing thrusted contacts between 
the BRSGC and adjacent amphibolitic and granitoid 
gneisses. A comprehensive review of the structural 
features of this area is given by Charlesworth (1981) and 
therefore, as Figure 1 is a simplified lithological map, 
structural data have been omitted for purposes of this 
discussion. 
Present study 
This investigation forms part of a research programme 
aimed at describing alkaline granitoids and establishing 
their tectonic significance with respect to the northern 
part of the NSMP. Current field work, petrography and 
geochemistry indicate that, contrary to previous 
interpretations, the BRSGC is lithologically complex 
and comprises a wide spectrum of syenitic gneisses with 
minor intrusive phases. As shown in Figure 1, the 
BRSGC may be subdivided into two broad lithotypes, 
with an envelope of biotite-muscovite syenite gneiss 
surrounding a core complex of biotite-nepheline syenite 
gneisses. Minor phases include peralkaline microsyenite 
dykes and the various carbonate-gneiss sheets and 
bodies which form the subject of this paper. The syenitic 
lithologies are briefly described below as an introduction 
to the setting of the carbonate gneisses. 
Syenitic gneisses 
Biotite-muscovite syenite gneiss forms an envelope 
around the central nepheline syenite gneiss core (Figure 
1). It is an off-white to pink medium-grained granitoid 
gneiss rich in biotite and muscovite, with the accessory 
minerals calcite, apatite, and sphene. Silica contents 
range from about 52 to 59%, total alkalis vary between 
10 and 13% while CaO is highly variable and reflects the 
3 
Table 1 Major elements (wt. %), CIPW norms (wt. %) 
and modes (vol. %) for representative syenitic gneisses, 









































































































LO! includes CO2, H20 and other volatiles 


































































CIPW norms from recalculated 100% HzO-free analyses . Major 
element analyses by M.R. Sharpe , University of Pretoria. For the 
purposes of norm calculations the COz content of the samples was 
estimated from modal analyses. Modal analyses performed on thin 
sections stained according to the methods outlined by Hutchison 
(1974). 
834 = biotite-muscovite syenite gneiss 
823 = medium-/coarse-grained biotite nepheline syenite gneiss 
820 = fine-grained biotite nepheline syenite gneiss 
894 = peralkaline microsyenite dyke 
modal occurrence of calcite and , to a lesser extent , 
apatite. Diagnostic CIPW normative constituents 
include minor amounts of quartz or nepheline and 
corundum. The latter indicates the excess of Al20 3 to 
Na20 + K20 characteristic of this peraluminous 
saturated to mildly undersaturated lithology (see 
representative analysis , sample B34, Table 1). 
Nepheline syenite gneisses form the core of the 
BRSGC (Figure 1) and are subdivided on the basis of 
textural , mineralogical , and geochemical features into 
two main lithotypes: 
(1) an outer zone of medium- to coarse-grained, dark 
grey to pinkish-grey, biotite nepheline-syenite gneiss . 
As shown by the representative mode (Sample B23 , 
Table 1), this rock type consists predominantly of 
microcline , albite , and nepheline , with biotite the 
characteristic mafic phase . Scapolite is a common 
accessory and characteristically occurs as reaction 
rims between nepheline and calcite . This mineral 
assemblage is reflected by the chemistry of the group 
which , with Si02 contents ranging from about 48 to 
58% , is notably silica undersaturated. Alkali contents 
(12 - 15%) are considerably higher relative to Al20 3 
than in the muscovite syenite gneisses , this character 
being manifested by lower normative corundum 
contents and elevated agpaitic indices (Table 1). 
Furthermore , K20 generally exceeds Na20 , with 
K20fNa20 ratios above unity and ranging to as high as 
2,64. 
(2) An inner zone of fine-grained leucocratic light-grey 
biotite-nephelinesyenite gneiss is characterized by a 
high albite content and ubiquitous small zircon 
crystals. As indicated by the representative analysis in 
Table 1, Si02 contents are elevated , while CaO , FeO , 
and MgO are depleted relative to the coarser-grained 
nepheline syenites . Possibly the most distinctive 
geochemical character of this lithology is enrichment 
of Na20 relative to K20 , with low K20fNa20 ratios of 
between 0,44 and 1,01. This is reflected in the CIPW 
norm where albite occurs far in excess of orthoclase , 
while calcite and anorthite are only minor 
components. Most samples are only slightly 
corundum normative and therefore mildly 
peraluminous; this is corroborated by generally high 
agpaitic ratios which approach unity (representative 
analysis B20, Table 1) . 
Gneissose microsyenite dykes up to 2 m wide and 
several hundred metres long are intrusive into the 
BRSGC, though apparently are most abundant in areas 
underlain by muscovite syenite gneiss. These dykes are 
steep dipping and display sharp contacts with the 
surrounding gneisses. A typical modal analysis (B94, 
Table 1) consists predominantly of albite with minor 
microcline and quartz. The agpaitic minerals aegirine 
and riebeckite are essential constitutents while calcite is 
a common accessory . Geochemically , the microsyenite 
dykes are characterized by enhanced Si02 contents of 
between 64 and 69% , low K20INa20 ratios , and reduced 
Al20 3 (14 -18% ) relative to total alkalis. CaO values are 
highly variable and follow modal calcite occurrence. 
With agpaitic indices of 1,0 or higher , the IT'icrosyenite 
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dykes are mildly peralkaline and consequently, with 
acmite in the norm , have no normative anorthite or 
corundum (B94 , Table 1) . 
Carbonate gneisses 
relationships 
location and field 
Three carbonate gneiss occurrences have so far been 
discovered , the largest of which (locality A: samples 
B46, B60, and B62) crops out near the eastern extremity 
of the BRSGC. Two smaller bodies (locality B: sample 
B87 ; and locality C: sample B229) are described from 
the central and western parts of the complex (Figure 1). 
Field aspects of each occurrence are outlined below: 
Locality A (samples 846, 860, 862): This is an elongate , 
north-east-striking, steep-dipping body of carbonate 
gneiss some 100 m long and up to 10 m wide. The 
carbonate gneiss is clearly intrusive into the muscovite 
syenite gneiss host as it contains 5 - 50 cm long 
ellipsoidal xenoliths of the latter (Figure 4) . Contacts of 
the carbonate gneiss with the country rock have not been 

















Carbona/ite REE range 
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Figure 2 The range of chondrite-normalized REE contents for 
Bull 's Run carbonate rocks . The range of REE contents for 
magmatic carbonatites is shown for comparison , from Cullers 
& Graf (1984) . 
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Figure 3 Classification of Bull 's Run carbonatites according to 
the triangular CaO - MgO - (Fez0 3 + FeO + MnO) diagram of 
Woolley (1982) . BRSGC samples shown as solid circles . 
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Figure 4 Carbonate gneiss outcrop B60 at locality A, 
displaying typical xenolithic inclusions of muscovite syenite 
gneiss. Scale in cm. 
evidence these are assumed to be quite sharp and 
probably steep dipping. Bands and streaks of biotite 
(Figure 5) may define a relic flow fabric. The carbonate 
is typically medium grained, reacts readily with dilute 
HCl, and displays a wide range in colour from white 
(B62, Figure 6) to brown (B46 and B60, Figure 7). Large 
books of shiny black biotite up to 5 cm in length , as well 
as centimetre-long ilmenite grains are characteristic of 
the brown carbonate gneiss outcrops. 
Locality B (sample B87): The carbonate gneiss at this 
locality occurs as an east-west-striking, steep-dipping 
sheet, some 200 m long and up to 1 m wide. Clearly 
intrusive relationships are apparent , with sharp contacts 
and numerous xenoliths of syenite gneiss within the 
carbonate gneiss dyke. 
Locality C (sample B229): This is the smallest 
occurrence of carbonate gneiss reported on here , and 
takes the form of metre-long pods and veins within 
biotite-muscovite syenite gneiss. Outcrops are restricted 
to a stream bed, about 1 km to the west-northwest of the 
confluence of the Mvuzane and Mhlatuze rivers, at the 
western end of the BRSGC. Although predominantly of 
medium-grained white calcite, this rock type is rich in 
biotite, while a greenish hue is imparted to some 
specimens due to high apatite concentrations. This 
locality is of particular interest owing to the occurrence 
of red-brown zircon crystals up to 1 cm long within the 
carbonate gneiss. 
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Figure 5 Carbonate gneiss outcrop B62 at locality A, 
displaying biotite-rich bands and streaks. Scale in cm. 
Figure 6 Polished specimen of white carbonate gneiss from 
sample site B62, locality A. Scale in cm. 
Carbonate gneisses - petrography 
Under the microscope, the carbonate gneisses are seen 
to comprise predominantly calcite , feldspar, biotite, and 
apatite (Table 2) . Accessory constituents include 
pyrochlore and ilmenite, while traces of pyrite, zircon, 
and muscovite are present. 
Polygonal calcite is the predominant mineral in all thin 
sections examined, comprising 56 - 96% by volume of 
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Figure 7 Polished specimen of brown carbonate gneiss from sample site B60, locality A. The rock is well foliated and 
characterized by coarse biotite books (bi) , streaks of white calcite, and occasional large ilmenite grains (il) . 
Figure 8 Photomicrograph of carbonate gneiss sample B46 taken under transmitted plane-polarized light. Minerals considered 
diagnostic of the carbonatitic ancestry of this lithology include pyrochlore (p) and rounded apatite grains (ap). The groundmass 
comprises calcite while in the upper left are flakes of biotite. Field of view is 8 mm x 5 mm . 
this lithology. Grain size is highly variable, often with 
larger grains (up to 14 mm diameter) surrounded by an 
aggregate of finer grains (0,2 mm diameter) . 
Polygonized calcite stringers are also notably developed 
along kinked twin planes in the larger calcite grains and 
possibly represent grain size reduction in response to 
deformational stresses . Polygonization of calcite is best 
developed in specimens of well-foliated carbonate gneiss 
(Figure 9), whereas equigranular calcite is typical of the 
more massive outcrops such as those of locality C. 
Biotite is the characteristic mafic mineral of all 
specimens examined, occurring as pleochroic greenish to 
yellow-brown flakes and books up to 2 cm long . As 
shown in Figure 9, the biotite books are commonly fish 
shaped with sigmoidally curved and often kinked 
cleavage planes . Feldspars (microcline and plagioclase) 
occur as rounded grains and aggregates and are most 
common in the xenolith-rich specimens from localities B 
and C. Microprobe analyses of biotite, microcline, and 
plagioclase are presented as Table 3. The biotite is 
notably Fe-rich , while the plagioclase is pure albite with 
very low CaO and K20 content. The low.analytical total 
obtained for the biotite is suggested to be due to all Fe 
having been assigned as FeO , in addition to the high 
volatile content typical of biotite. 
Rounded to subhedral apatite is a notable constituent 
of all specimens analysed and generally comprises up to 
5% of modal values (Table 2). One exception is sample 
B229 from locality C where 10% modal apatite is 
recorded . Accessories include euhedral yellow-brown 
pyrochlore octahedra of 0,2 mm diameter (Figure 8) , 
subhedral ilmenite and euhedral pyrite cubes. 
Pyrochlore is restricted in distribution to the brown 
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Figure 9 Photomicrograph of carbonate gneiss sample B46 taken in transmitted plane-polarized light . Large sigmoidally curved 
biotite books in polygonized calcite. Remnant large calcite grains (cc) indicated at top right. Note dilated cleavage planes in biotite 
(arrowed) . Field of view is 8 mm x 5 mm. 
Table 2 Modal analyses (vol %) of Bull's Run carbonate 
gneisses 
B62 B60 B46 
Calcite 96 ,0 79 ,7 84,8 
K-Feldspar 0,5 2,0 
Plagioclase tr tr 
Biotite 3,2 12,3 9,4 
Apatite tr 4,8 3,2 
Opaque 0,7 1,2 0,2 
Pyrochlore 1,2 0,3 
Zircon 
Muscovite 
Total 99,9 99 ,7 99 ,9 
B62 - white carbonate gneiss , locality A 
B60 - brown carbonate gneiss , locality A 
B46 - brown carbonate gneiss , locality A 
8 87 - white carbonate gneiss, locality 8 
B229 - white carbonate gneiss, locality C 
tr - trace amount less than 0,2% 
B87 B229 
71 ,3 56,4 
9,9 3,4 






99 ,9 99,7 
Modal analyses performed on thin sections stained for K-feldspar, 
plagioclase , and carbonate, after the methods described by Hutchison 
(1974) . A minimum of 1 200 points counted per section 
carbonate gneisses of locality A and is distinguished in 
thin section by typical octahedral form , sub translucent 
brown colour and isotropic behaviour under crossed 
polars. Further evidence for the identification of 
pyrochlore is provided by the whole rock trace element 
data which show marked enrichment of Nb whenever 
this mineral is present. 
The ilmenite has been positively identified using 
polished sections under reflected light. Traces of zircon 
and muscovite are present in sample B229. 
Table 3 Preliminary microprobe analyses of biotite and 
feldspar - sample B46, locality A 
B46A 
Si02 33 ,0\ 
Ti02 3,87 
AI2O) 17,24 







= not analysed 
FeO' = total Fe as FeO 
B46A = biotite 
8468 = albite 

















Microprobe analyses performed at Rhodes University on a lEOL 6330 
Superprobe, under the supervision of Rob Skae 
Geochemistry 
Whole-rock major and trace element analyses of five 
BuJl's Run carbonate gneiss samples are presented, with 
comparative data, as Tables 4 and 5. Samples B46, B60, 
and B62 are very similar to the average calcite-
carbonatite (sovite) of Le Bas (1981) in which Si02, 
A120 3 , MgO, Na20 and K20 are low while CaO and 
CO2 constitute the major portion of each analysis. The 
feldspar-rich samples B87 and B229 are typified by 
higher Si02, A120 , and alkali contents . A consistent 
feature of all five samples is their very low MgO content 
8 
Table 4 Major (wt.%) and trace element (ppm) 
abundances for carbonate gneisses from the Bull's Run 
Complex 
B62 B60 B46 B87 B229 A B C 0 
SizO 0,86 2,34 2,57 16,90 21 ,68 5,67 0,88 5,14 4,84 
TizO 0,01 0,28 0,23 0,33 0,74 0,50 0,18 0,07 0,07 
AlzO) 0,33 0,99 1,08 6,01 8,75 1,77 1,40 0,40 0,99 
FezO) 0,43 0,85 0,63 0,47 1,01 8,00 3,81 0,49 4,19 
FeO 2,17 4,27 3,16 2,37 5,03 n.a. 0,36 n.a. n.a. 
MnO 1,21 1,10 0,90 0,28 0,28 0,78 0,65 0,14 0,39 
MgO 0,13 0,27 0,26 0,50 1,06 6,10 0,38 7,79 5,10 
CaO 54,32 49,40 48,53 39,70 31,34 37,06 50,83 42,30 43,79 
Na20 0,08 0,01 0,11 0,90 0,87 1,09 0,48 
KzO 0,12 0,53 0,49 2,32 3,14 0,87 0,04 
PzOs 0,Q3 2,94 2,75 0,69 6,28 1,73 1,02 
CO2 41,83 37,77 37,79 30,55 18,92 35,18 39,62 
Total 101,52100,75 98,50101,02 99,10 98,75 99 ,20 
Nb 68 3993 2633 52 72 560 
Y 86 94 102 56 78 114 
Ce 1128* Q06 1564' 455 1411* 5300* 
Nd 275 199 
La 306 286 
Sr 9135 8956 8077 7206 5701 
Ba 81 142 132 900 837 
Rb 11 48 42 54 125 
Sc 60 51 24 27 
B62 = white carbonate gneiss , locality A 
B60 = brown carbonate gneiss, locality A 
B46 = brown carbonate gneiss, locality A 
B87 = white carbonate gneiss, locality B 
B229 = white carbonate gneiss, locality C 




























B = average calcite-carbonite , western Kenya (Le Bas, 1981) 
C = average limestone (Hyndman , 1972; Middlemost, 1985) 
o = Mount Grace carbonatite gneiss (Hoy & Kwong, 1986) 















• = total REE (individual values for B62, B46, B229 in Table 4) 
Bull's Run samples analysed by M.R. Sharpe, University of Pretoria. 
COz analysed by Building Research Institute , CSIR. Samples arranged 
in order of increasing silica content 
corroborating the absence of dolomite, as suggested by 
stained thin sections. Although a similarity exists 
between CaO contents of these samples and the average 
sedimentary limestone (Table 4, column C), other major 
elements, especially Ti, Fe and P, are clearly enriched. 
Further differences are highlighted by trace element 
geochemistry, with the BRSGC carbonate gneisses 
displaying massive enrichments of Nb, Y, Sr, and Ba 
relative to sedimentary limestone (Table 4). The Nb 
enrichment is clearly linked to the occurrence of 
pyrochlore (Table 2, samples B46 and B60), while P20 S 
is directly related to modal apatite concentrations. 
A comparison of the BRSGC carbonate gneiss REE 
data (see Table 5) with the REE range suggested for 
S.-Afr.Tydskr.Geol., 1989,92(1) 
Table 5 Rare earth element contents (ppm) of Bull's 
Run carbonate gneisses 
B62 B46 B229 
La 265 ,60 361,37 309,27 
Ce 515 ,28 718,45 637,19 
Pr 55,44 76,29 71,80 
Nd 187,40 269 ,30 271,60 
Sm 28 ,99 41 ,63 40,99 
Eu 9,45 12,82 12,86 
Gd 23,33 32,19 30,60 
Dy 17,82 22,47 17,82 
Ho 3,63 4,50 3,36 
Er 10,48 12,67 8,69 
Yb 9,17 10,53 5,67 
Lu 1,43 1,62 0,84 
Total REE 1128,02 1563,84 1410,69 
Analyses by J .N. Walsh , Bedford New College, ' U.K. 
magmatic carbonatites by Cullers & Graf (1984) is 
presented as Figure 2. As noted by these authors, true 
carbonatites have the largest REE contents (REE = 72 -
15,515 ppm) and LREEIHREE ratios ((LalLU)CN = 7,1-
1240) of any rock types, as well as no Eu anomalies. 
Although the BRSGC samples plot towards the lower 
limit of these ranges (Figure 2), the preponderance of 
LREE to HREE ((La/Lu)eN = 19 - 38) and the lack of 
an Eu anomaly are strongly suggestive of their magmatic 
origin. 
Discussion 
Field and petrographic evidence indicates that the Bull's 
Run carbonate gneisses are intrusive into syenitic 
gneisses and consist primarily of calcite with variable 
amounts of biotite, apatite, pyrochlore, ilmenite, and 
zircon. The major- and trace element concentrations 
reflect this mineralogy, with high CaO, P20 S and 
significant enrichments of Nb. According to the 
mineralogical and geochemical characteristics of 
magmatic carbonatites (Le Bas, 1981; Middlemost, 
1985; Verwoerd, 1986), the BRSGC carbonate gneisses 
have the hallmarks of magmatic carbonatites. Thus, they 
contain the following diagnostic minerals: apatite ,' 
pyrochlore and zircon, they show pronounced 
enrichment of various trace elements such as P, Sr, Y, 
Nb and Ba, have high LREEIHREE ratios, and they are 
associated with nepheline syenites and related alkaline 
intrusives within the BRSGC. 
Alkali metasomatism (fenitization) of country rocks is 
characteristic of carbonatite/nepheline syenite 
intrusions. Such fenites result from the introduction of 
Na and K into the country rocks, whi,ch causes 
enhancement of Na and K relative to AI, and 
feldspathization and/or the formation of sodic minerals 
such as aegirine. Classic fenites, however, are notably 
absent from the BRSGC, although the close spatial 
association of the carbonatites with muscovite-rich 
syenite gneisses may indicate a genetic relationship. 
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Therefore , by analogy with similar muscovite-bearing 
alteration zones associated with nepheline syenite 
complexes , e.g. Blue Mountain, Ontario (Payne, 1968) 
Monchique , Portugal (Rock , 1976) it is suggested that 
the muscovite-rich envelope around the BRSGC 
represents a fenite halo derived by metasomatic 
alteration of pelitic (aluminous) country rocks. This 
interpretation is in accordance with conclusions reached 
by Rock (1976), who noted that the formation of highly 
sodic minerals, such as aegirine, tends to be suppressed 
around alkaline complexes intrusive into pelitic country 
rocks. 
All the evidence suggests that the Bull 's Run 
carbonate gneiss occurrences are gneissic carbonatites. 
They are thus classified as calcite-carbonatites (sovites) 
by their modal mineralogy (Streckeisen, 1978), as well as 
by their major-element chemistry according to the 
triangular CaO - MgO - (Fe20 + FeO + MnO) diagram 
of Woolley (1982) (Figure 3). 
Attention is drawn to the discovery of rather similar 
carbonatite gneisses within the Shuswap Complex of 
British Columbia (Hoy & Kwong, 1986) . These authors 
have interpreted a thin , though extensive marble unit , as 
representing a metamorphosed pyroclastic carbonatite 
horizon within a sequence of calc-silicate and pelitic 
gneisses. Evidence cited for the magmatic parentage of 
this marble , referred to as the Mount Grace carbonatite , 
includes high concentrations of Mn , Sr , Ba, Nb , and 
LREE in addition to modal apatite , phlogopite , and 
sodic amphiboles. A representative analysis is included 
in Table 4 for comparison with the Bull's Run 
carbonatite gneiss data . .. 
Tectonic significance 
The discovery of gneissose carbonatites within the 
BRSGC has particular significance for the interpretation 
of the Natal Structural and Metamorphic Province 
(NSMP). This is due to the fact that the nepheline 
syenite/carbonatite association is widely considered to be 
to restricted to regions of intra-continental rifting 
(Bailey, 1954; Middlemost , 1985). However, it must be 
pointed out that carbonatites are also recorded from 
oceanic islands such as those of the Cape Verde 
Archipelago, as well as in association with high-K 
shoshonites around tectonically active continental 
margins (Middlemost , 1985). Although alkaline rocks 
are not restricted to rift zones, 'where continental rifting 
is known , alkaline magmatism is strongly in evidence' 
(Bailey, 1964, p. 150) . This common association has led 
to the proposal that carbonatite/ alkaline magmatism is 
an integral part of rift formation and development 
(Middlemost, 1974; Saggerson , 1970) . 
A feature of the magmatism associated with 
intracratonic rift and epeirogenically domed settings is a 
wide variety of alkaline rocks , ranging from carbonatite 
and nepheline syenites through 10 peralkaline granite 
ring complexes. Examples of continental rifts with this 
characteristic magma association include the Gardar 
palaeorift of Greenland , the Oslo Rift of Norway , the 
African Niger-Nigerian Province and the St Lawrence 
9 
palaeorift in Canada (Bowden & Turner, 1974; Barberi 
& Varet , 1978; Petersen , 1978; Philpotts , 1978; Upton & 
Blundell , 1978. ) 
It is noteworthy , therefore , that the Ngoye Granite 
Gneiss Formation, some 30 km east of the Bull's Run 
Complex , has recently been interpreted (Scogings, 1985 , 
1986) as a gneissic ' A-type' alkaline/peralkaline granite 
ring complex similar to the classic occurrences of Nigeria 
and Saudi Arabia. Although the discovery of carbonatite 
gneisses in the NSMP is not on its own necessarily 
diagnostic of a particular tectonic setting, when viewed 
in conjunction with the associated Ngoye ring complex, 
it is considered indicative of emplacement into a rifted or 
epeirogenically d~med continental environment. 
Conclusions 
The Bull 's Run carbonate gneisses represent gneissose 
carbonatites within a nepheline-syenite gneiss complex. 
They display the hallmarks of magmatic carbonatites , 
i.e . enhanced P20 S, Sr, Ba , Nb , and REE 
concentrations, and the diagnostic mineral phases 
' apatite , zircon , and pyrochlore. They are furthermore 
clearly intrusive and, although not associated with classic 
peralkaline fenites, are surrounded by muscovite-rich 
syenite gneisses that may represent metasomatized 
pelites. When interpreted in conjunction with other 
alkaline rocks in the Tugela Group of the NSMP , the 
BRSGC gneissose carbonatites are considered to be 
indicative of an intracratonic rifted tectQpic setting at the 
time of intrusion. 
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Peralkaline granitoid and associated alkaline mafic gneisses northwest of Eshowe, 
Natal 
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Peralkaline granitoid and alkaline mafic gneisses have recently been discovered within the Halambu Formation, 
near the northern margin of the ca. 1100 Ma Natal Structural and Metamorphic Province. The Halambu 
Formation has previously been described as predominantly of granodioritic composition with some monzonitic 
elements. The peralkaline gneisses crop out on Wangu Hill as an elongate mylonite-bounded body about 6 km 
long and up to 1 km wide and are leucocratic, fine-grained rocks characterized by the presence of aegirine-
augite, riebeckite and magnetite. The Wangu gneisses are depleted in Al20 3 relative to alkalis and have 
peralkaline indices ranging between 0,94 and 1,33. Trace element contents are typical of peralkaline granitoids 
with elevated GalAl, Zn, Zr, Nb, Y and REE, and low Ba and Sr. Based on various major and trace element 
geochemical classification schemes these gneisses are shown to have 'within-plate' or 'A-type' granite 
characteristics and were probably intruded into a post-collisional or anorogenic tectonic setting. The gneissose 
biotite-rich mafic sheets display intrusive relationships with the peralkaline Wangu granite gneisses and, on the 
basis of major and trace element signatures, are suggested to be metamorphosed volatile-rich alkaline mafic 
rocks. The above interpretations are in marked contrast to the calc-alkaline, granodioritic affinities of the 
Halambu Formation described by previous researchers . 
Peralkaliese granito"ied en alkalies-mafiese gneise is onlangs naby die noordelike grens van die ca. 1100 Ma 
Natal Strukturele en Metamorfe Provinsie ontdek en word ingesluit in die Formasie Halambu. Die Formasie 
Halambu is voorheen beskryf as van oorheersend granodioritiese samestelling met sekere monsonitiese 
elemente. Die peralkaliese gneise dagsoom as 'n verlengde milloniet-begrensde liggaam van ongeveer 6 km 
lank en tot 1 km wyd en is 'n leukokratiese fynkorrelrige gesteente gekarakteriseer deur die teenwoordigheid 
van 'aegirien-augiet, riebeckiet en magnetiet. Die gneise is verarm in Al20 3 relatief tot alkalies met peralkaliese 
indekse wat wissel tussen 0,94 en 1,33. Die spoorelementinhoud is tipies van peralkaliese granitoi"edes met 
verhoogde GalAl , Zn, Zr, Nb, Y en REE asook lae Ba en Sr. Gebaseer op verskeie hoof- en spoorelement 
geochemiese klassifikasies , vertoon hierdie gneise of 'tussenplaatse'- of 'A-tipe' graniet karaktertrekke en is 
hulle moontlik ingedring in 'n voor-kontinent botsing of 'n anorogenetiese tektoniek. Gneisagtige biotietryke 
mafiese plate vertoon intrusiewe verwantskappe met die peralkaliese Wangu granietgneise en op grond van 
hulle hoof- en spoorelement kenmerke word hulle beskou as gemetamorfiseerde , vlugstofryke alkalies-mafiese 
gesteentes. Volgens bogenoemde interpretasies staan hierdie gesteentes in duidelike kontras met die kalk-
alkaliese-granodioritiese verwantskappe van die Formasie Halambu soos beskryf deur vorige navorsers. 
* Present address: Mineral Development Division , STK, P.O . Box 213, Pretoria 0001 , Republic of South Africa 
Introduction 
The purpose of this communication is to record the 
discovery of peralkaline granitoid and alkaline mafic 
gneisses in the Wangu Hill area to the northwest of 
Eshowe, Natal. These distinctive rocks had previously 
not been recognized and had been grouped within the 
granodioritic Halambu Granite Gneiss Formation 
Charlesworth (1981). 
The Halambu Granite Gneiss Formation, as outlined 
by Charlesworth (1981), occupies an extensive area 
along the northern margin of the ca. 1100 Ma Natal 
Structural and Metamorphic Province (NSMP) (Figure 
1). The geology of this region was first described by Du 
Toit (1932). He noted that granites of the so-called 
'Alambu mass' form 'a belt averaging 2 miles wide 
running eastwards along the watershed between the 
Inyawoshane and Mvusana (rivers)' (Du Toit, 1931, 
p .SS). The lithologies south of the 'Alambu Mass', and 
including those on 'Iwangu Hill' were ascribed by Du 
Toit to the predominantly amphibolitic 'Tugela Series' 
(see location of Wangu Hill in Figure 1). 
Subsequent mapping confirmed the presence of 
granitoid gneisses within the 'Alambu Mass' 
(Charlesworth, 1981). Charlesworth incorporated some 
of Du Toit's Tugela Series rocks of the Wangu area into 
the proposed 'Halambu Granite Gneiss Formation' 
(Matthews & Charlesworth, 1981). On the basis of 
regional mapping and limited mineralogical and 
geoch~mical evidence, Charlesworth (1981) classified 
the Halambu . Formation as predominantly of 
granodioritic to tonalitic composition, with lesser 
amounts of monzonitic gneiss (see Table 1 for 
representative modal analysis of the predominant 
granodioritic gneiss). 
Although these two rock types are not differentiated 
on the map compilation of Matthews & Charlesworth 
(1981), Charlesworth (1981) suggested that the 
monzonitic variety is restricted to the area south of a line 
between Wangu and Khomo Hills (see localities on 
Figure 1). Therefore, from the descriptions by both 
Charlesworth and Du Toit (1932), it is clear that a 
compositional break in the vicinity of Wangu Hill was 
recognized, although neither author appreciated the 
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Figure 1 Simplified geological map of the north-eastern margin of the Nata l Structural and Metamorphic Province showing the 
distribution of the Halambu Granite Gneiss Formation, from Matthews & Charlesworth ( 1981). The inset shows the locality of 
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Table 1 Modal mineralogy (vol. %) of the Wangu Hill lithologies 
W231 W435 W434 W235 W234 H27 WI49 W229 W232 W233 HI 8 W228 W436 W227 
Quartz 25 26 28 25 30 
Microc\ine 30 26 17 42 35 
Albite 35 39 47 25 27 
Biotite 3 4 
Aegirine augite 5 4 3 
Riebeckite 






34 40 40 40 
36 30 15 15 
24 25 30 20 
4 IS 


























Modal analyses performed on thin sections stained for K-feldspar , plagioclase and quartz 
t = trace amount, less than 0,2% 
• = the plagioclase feldspar in H 18 is oligoclase 
W231 to W229 = Wangu granitoid gneisses 
W232 and W233 = Wangu magnetite-rich granitoid gneisses 
W228 to W227 = Wangu mafic gneisses 
HI8 = granodioritic gneiss from north of Wangu Hill 
Halambu granodioritic gneisses. 
According to his geochemical data , Charlesworth 
(1981) suggested that the Halambu gneisses represent 
deformed intrusive granites of calc-alkaline affinity with 
both 1- and S-type signatures , based on the parameters 
of Chappell & White (1974). Following a detailed 
structural analysis of the Halambu area , it was suggested 
that the granodioritic precursors to the Halambu 
gneisses were intruded during post-O I times and prior to 
a northward-directed O2 compressional thrusting event 
(Charlesworth, 1981). Metamorphic conditions were 
shown by Charlesworth to have attained upper 
amphibolite grade during the 0 1 compressional event, 
while lower grades were suggested during O2 thrusting. 
The pervasive east-west foliation , within the Halambu 
Formation as a whole, was ascribed by Charlesworth 
(1981) to deformational stresses developed during the O2 
event and was noted to be axial planar to northward-
verging O2 folds in the surrounding amphibolitic terrane. 
Peralkaline gneisses to the northwest of Eshowe were 
first identified by the author during 1986, when 
geochemical analysis of a fine-grained granitoid gneiss 
collected east of Wangu Hill (H27 , Figure 1) showed 
typical peralkaline characteristics such as low Ah03 , 
Cao and SrO, with enhanced contents of Nb , Zr, Zn , 
and REE (see Tables 2 and 3). Subsequent fieldwork 
early in 1988 confirmed the alkaline/peralkaline 
chemistry of felsic gneisses in the Wangu Hill area 
(Scogings , 1988a, b). The granitoid gneisses of the 
Wangu Hill area are hereafter referred to as the Wangu 
granitoid gneisses in order to distinguish them from the 
granodioritic gneisses typical of the Halambu Formation 
to the north of Wangu Hill. 
Field and petrographic descriptions 
Wangu granitoid gneisses 
The Wangu gneisses occupy a 6 km-long zone 
approximately 1,0 km wide that trends east-west across 
Wangu Hill , being bounded to the north and south by 
granodioritic gneisses of the Halambu Formation 
(Figure 1). Contact and age relationships (e.g. xenoliths 
of country rock or cross-cutting features) between the 
Wangu gneisses and the surrounding lithologies are 
poorly defined at present. This is partly due to the fairly 
limited scale of field mapping so far done in this area , as 
well a.s to the highly sheared character of the outcrops 
w.hich tends to masklithological variations. However, it 
is apparent from an increase in the intensity of foliation 
and the development of myionites near the margins of 
the wangu gneiss body , that the contacts have been 
tectonically modified and that the Wangu gneisses may 
be a thrust-bound unit. This interpretation is consistent 
with descriptions of similar mylonite-bounded granitoid 
bodies in the NSMP by Charlesworth (1981) where the 
mylonites are suggested to be of O2 age. 
The Wangu gneisses are fine-grained , light-pink rocks 
of aplitic character that form sheet-like outcrops and 
demonstrate by a prominent east-west planar foliation 
(02 of Charlesworth , 1981) that dips at between 40 and 
50° to the south (Figures 1 and 2). Several elongate 
zones of relatively mafic magnetite-rich radioactive 
gneiss up to 20 m long and 10 em wide were noted on the 
crest of Wangu Hill. These heavy mineral-rich layers (ca. 
2(}-30% magnetite + pyroxene) are suggested to be 
cumulate phases , derived by mechanical concentration 
in a highly fluid , volatile-rich peralkaline melt. Such 
layering is common within peralkaline intrusions (e.g. 
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Table 2 Wangu granitoid gneisses - major elements (wt. %) and CIPW norms (wt. %) 
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61 , 16 73 , 12 72 ,27 69,10 76,45 
0 ,31 0,31 0, 13 0,46 0, 16 
5,79 5,19 14 ,80 12,80 11,32 
20,35 11 ,37 0,29 2,30 2,36 
3 ,24 2,00 1,46 3,50 0 ,25 
0 ,50 0,45 0.Q3 0,14 0,04 
0 ,99 0,88 0,35 0,23 0.00 
2,82 2,25 1,89 0,95 0,34 
3,90 3,32 5,42 6,00 4, 11 
1.18 0,60 2,63 4,78 4,47 
0 ,04 0 ,04 0 ,04 0,07 0,01 
0,86 0,82 0,24 0 ,46 0,33 
101,14 100,35 99 ,55 100,79 99 ,84 
1,33 1,18 0,79 1,18 1,03 









































































































































Z 0,37 0,23 0,34 0,31 0,09 0,22 0 ,34 0,36 0,61 0,75 0,03 0,17 0,17 
Total 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 
W231 to W229 = Wangu granitoid gneisses , in order of increasing SiOz 
W232 and W233 = Wangu magnetite-rich granitoid gneisses 
H18 = Representative Ha1ambu gneiss (author's own data) 
Sh = Aegirine granite, Shira Complex , Nigeria, from Whalen et af. (1987) 
N331 = Aegirine granite gneiss , Ngoye (author'S own data) 
Major element XRF analyses of W231 , W235 , W234, W149, W229, W232, W233 by A . Wilson , Natal Univ . Pmb. Samples W435 , W434 and H27 
by M.R. Sharpe, Rocklabs , Pretoria 
FeO determined by the Geological Survey, Pretoria, on all samples except W435 and W434 
P.I. = Peralkaline index (mol. prop. NazO + KzO/Alz0 3) 
GalAI = Ga x 10000/AI 
LOT includes COz, H20, and other volatiles 
CTPW norms from H20-free analyses recalculated to 100% 
I1imaussaq, Greenland; Lovozero, USSR: Sorensen, 
1968). 
Petrographically the granitoid gneisses are seen to 
comprise a fine-grained (0,2 - 0,5mm) polygonal 
assemblage of quartz , microcline, albite, aegirine-augite , 
biotite, magnetite, and riebeckite (Table 1). The 
pervasive east-west D2 foliation (Figure 3) is highlighted 
in thin section by elongate aggregates of mafic 
constituents such as aegirine-augite (Figure 5). 
According to their modal mineralogy the Wangu 
granitoid gneisses are classified as alkali-feldspar 
granites on the QAP diagram of Streckeisen (1976) 
(Figure 7). This is in marked contrast to Halambu 
gneisses sampled by the author from north of Wangu 
Hill , which are classified in Figure 7 as having tonalite to 
granodiorite compositions (see H18, Table 1). 
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Table 3 Wangu granitoid gneisses - trace element contents (ppm) 
W231 W435 W434 W235 W234 H27 W149 W229 W232 W233 H18 Sh N331 
Zn 323 146 341 123 150 242 168 612 898 584 33 240 181 
Ga 30 30 30 29 30 33 26 27 31 23 22 38 23 
Nb 423 228 373 303 89 245 128 295 567 614 17 154 45 
Zr 1836 1141 1672 1549 450 1095 1694 1795 3076 3730 155 865 831 
Y 100 97 161 133 159 103 128 95 385 541 9 107 158 
U 10 10 13 7 3 0 6 5 9 10 0 4 3 
Th 80 38 57 109 14 42 52 47 78 115 5 25 18 
Rb 205 155 176 294 145 255 104 78 49 38 67 145 153 
Sr 20 163 116 9 13 22 33 4 20 29 1205 44 8 
Ba 145 113 36 62 553 217 157 59 287 111 1312 375 50 
La 334 ,7 247 .2 208,1 124 ,1 705,8 119,6 
Ce 570,4 459,7 403 ,2 275,9 421,1 247 ,1 
Pr 66.1 47,6 40,6 26 ,9 145 ,4 27 ,9 
Nd 232,7 169,8 147,8 100,1 603,8 111 ,3 
Sm 38,4 31 ,0 25 ,5 19 ,9 116,9 27 ,0 
Eu 3,1 2,4 1,3 1,7 21,0 0,7 
Gd 27,0 27,2 21,5 18 ,5 106,4 26, 1 
Dy 26 ,2 30,9 20 ,5 23,2 93,3 24,6 
Ho 4,9 5,8 4,3 4,5 16,3 4,9 
Er 12,7 16,2 12,8 13 ,2 38,2 13,6 
Yb 12,7 15 ,3 12,0 13 ,4 34,4 11 ,2 
Lu 2,0 2,2 1,8 1,9 4,8 1,8 
W231 to W229 = Wangu granitoid gneisses, in order of increasing Si02 . W232 & W233 are iron-rich Wangu gneisses identified as cumulates 
H18 = Representative Halambu gneiss (author's own data) 
Sh = aegirine granite, shira Complex, Nigeria , from Whalen et al. ( 1987) 
331 = Aegirine granite gneiss, Ngoye (author's own data) 
Trace elements Zn to Ba analysed by XRF at Natal University: Pmb , and Rocklabs: Pretoria 
REE by rcp at Bedford New College UK, analyst J .N. Walsh 
- = not determined 
Wangu mafic gneisses 
The development of sheet-like bodies (up to 30 m long 
and 1 m thick) of biotite-rich gneiss appears to be 
restricted to the southern part of the peralkaline granite 
gneiss outcrops, within the Mvuzane River Valley 
(Figure 1) . These well-foliated gneissose mafic rocks are 
Figure 2 Typical outcrops of peralkaline granitoid oneiss on 
Wangu Hill , looking West. Note the moderate southe~ly dip of 
the outcrop, due to well-developed D2 foliation . 
believed to have been intruded into the Wangu 
peralkaline gneisses and, as illustrated in Figure 4, 
contain abundant peralkaline granitoid gneiss xenoliths. 
Thin section examination confirms the well-foliated 
character of these fine-grained biotite-rich rocks (Figure 
6) which consist essentially of red-brown biotite laths , 
Figure 3 Polished slab of Wangu granitoid gneiss , scale in 
centImetres . 
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Figure 4 Contact zone between mafic biotite-rich gneiss (MG) 
and peralkaline granitoid gneiss (PG), showing granitoid 
xenoliths within the mafic gneiss sheet. Locality: Mvuzane 
River Valley, southwest of Wangu Hill. 
Figure 5 Photomicrograph of typical Wangu peralkaline 
granitoid gneiss showing fine grain size and aegirine augite 
(px) in polygonal quartz and feldspar matrix (qf) . Field of view 
3 mm, plane light. 
Figure 6 Photomicrograph of mafic Wangu gneiss (sample 
W228) showing prominent foliation . Mineral constituents 
include dark laths of biotite (bi) , rounded grains of apatite 
(ap) , and irregular aggregates of calcite (cc) . Field of view 3 





Figure 7 Classification of the Wangu granitoid gneisses (solid 
circles) , Halambu granodioritic gneisses (cross-hatched field) 
and Wangu mafic gneisses (solid square) on the Streckeisen 
(1976) QAP diagram . The fields are numbered as follows : 2, 
alkali-feldspar granite ; 3a & 3b, granite ; 4, granodiorite ; 5, 
tonalite ; 6, alkali-feldspar syenite. 
albite , microcline , irregular aggregates of calcite , and 
rounded apatite grains (Table 1) . Although mafic rocks , 
as a result of the sole felsic constituent being alkali 
feldspar, they are classified on the QAP diagram as 
alkali-feldspar syenite (Figure 7) . 
Geochemistry 
Whole-rock major and trace element geochemical data 
and CIPW norms for ten granitoid and three biotite-rich 
mafic gneisses from Wangu Hill are presented in Tables 
2, 3, 4, and 5. Five samples of Halambu granodiorite 
gneiss from north of Wangu Hill were also analysed for 
comparative purposes : representative sample H18 
presented in Tables 2 and 3 is considered to be a typical 
example of this lithology as described by Charlesworth 
(1981) . 
Samples W435 , W434, H27 and H18 were analysed for 
major and trace elements by M.R. Sharpe of Rocklabs , 
Pretoria: samples W231, W235 , W234 , W149, W229 , 
W232 , W233 and N331 were analysed for major and 
trace elements by A. Wilson of Natal University , 
Pietermaritzburg. All major elements , excepting Na , 
were analysed using fused discs prepared after the 
method described by Norrish & Hutton (1969). Pressed 
powder briquettes were analysed for Na and trace 
elements by XRF techniques . Samples W231 , W235 , 
H27 , W229 , W232 , W228 , W227 and N331 were 
analysed for REE using ICP , by J.N. Walsh at Bedford 
New College, UK. CO2 was determined by Infrared 
Spectroscopy, and FeO by Redox Titration at the 
Geological Survey in Pretoria. 
Wangu granitoid gneisses 
Broad geochemical characteristics of the Wangu 
granitoid gneisses are summarized below. In addition , 
comparisons have been drawn with the Halambu 
granodiorite gneisses to the north of Wangu Hill: 
1. the Wangu granitoid gneisses are enriched in Fe20 3, 
FeO , MnO , and K20 relative to the Halambu 
S.Afr.J .Geol. 1989,92( 4) 
Table 4 Wangu biotite dykes - major elements (wt%) 
and CIPW norms (wt%) 
W228 W436 W227 KN ML 
SiOz 39 .23 47.04 51,24 41 ,30 50.20 
TiOz 3.84 3.50 1, 19 4, 18 0,66 
AlzO) 12,25 13,46 12,75 12,47 10,30 
Fe20) 1,71 1,66 1,33 15.26 3,90 
FeO 12,07 11 ,95 5,57 1.80 
MnO 0,51 0,26 0,35 0,22 0, 10 
MgO 9,96 5.39 5,54 5,84 10,70 
CaO 6,83 5,71 7,42 8,13 5,09 
NazO 1,55 2,75 3,82 6,74 1,25 
K20 7,14 4,17 5,22 2,67 7,77 
P20 S 1,24 0,70 0,97 1,14 1,14 
HzO 0,71 2,48 1,21 2,00 2,68 
CO2 2,44 3,29 2,80 
Total 99 ,48 99 ,07 99 ,90 99 ,95 98,39 
CIPW norms 
Or 14,11 25,49 31 ,19 16,07 47 ,82 
Ab 20.61 31 ,57 11 ,93 10,12 
An 5,44 12 ,48 2,25 
Ac 6,96 0,78 
Lc 22 ,39 
Ne 7,18 1.87 0,60 20,73 
Oi 4,41 10,35 6,74 15 ,91 1, 11 
• Hy 17,21 
01 28,01 18.13 13,50 5,21 7,03 
Mt 2,51 2,49 1,95 4,39 
Hm 13 ,14 0,76 
II 7,37 6,88 2,29 0,48 1,31 
Pf 6,82 
Ap 2,91 1,68 2,27 2,69 2,75 
Cc 5.61 7,57 6.63 
Z 0,06 0,Q3 0,06 0,06 0,09 
Total 100,00 100,00 100,00 100,00 100,00 
W228, W436 , W227 = Wangu biotite-rich dykes, in order of increasing 
Si02 
KN = Karoo nephelinite. NTS12: from Bristow (1984) 
ML = Mica-rich lamprophyre, Keewatin , Canada: from Le Cheminant 
et al. (1987) 
Major element XRF analyses of W228 and W227 by A. Wilson , Natal 
Univ., Pmb. Sample W436 analysed by M.R. Sharpe , Rocklabs , 
Pretoria 
FeO and CO2 determinations (W228 and W227) by the Geological 
Survey of South Africa , Pretoria 
H20 = LOT (loss on ignition) - CO2, CIPW norms from H2O-free 
analyses recalculated to 100% 
- = not determined 
gneisses. Samples W232 and W233, which are possible 
cumulate phases, are noted to have exceptionally high 
contents of Fe203 (total), at 24,70 and 13,59% 
respectively; 
2. ratios of Fe203:FeO are highest within the aegirine 
and riebeckite granitoid gneisses, reflecting the high 
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Table 5 Wangu biotite dykes - trace element contents 
(ppm) 
W228 W436 W227 KN ML 
Zn 771 343 451 137 
Ga 40 25 24 
Nb 390 ' 45 159 187 9 
Zr 273 157 312 271 416 
Y 86 34 114 23 31 
U 9 I 5 3 
Th 17 2 45 21 
Rb 635 393 471 63 205 
Sr 341 495 1445 1663 1321 
Ba 1325 969 1459 1713 4180 
La 146,8 212,9 153 
Ce 278 ,2 436,2 304 
Pr 30,9 49 ,1 
Nd 124,6 192,2 127 
Sm 21 ,9 29,9 22 ,71 
Eu 5,3 5,8 4,91 
Gd 18,3 20,7 
Dy 15 ,4 16,5 
Ho 2,8 3,2 0,51 
Er 7,3 9,1 
Yb 6,5 9,4 1,51 
Lu 0,9 1,5 0.41 
W228 , W436, W227 = Wangu biotite dykes 
KN = Karoo nephelinite , NTS 12: from Bristow (1984) 
ML = Mica-rich lamprophyre , Keewatin, Canada: from Le 
Cheminant et al. (1987) 
Trace elements Zn to Ba analysed by XRF at Natal University 
(Samples W228 & W227) and Rocklabs, Pretoria (Sample W436) 
REE by ICP at Bedford New College UK. analyst J.N. Walsh 
- = not determined 
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Figure 8 Discrimination of the various Wangu gneisses 
a.ccording to Na20:K20 ratios . Solid circles in lightly stippled 
fl~ld = "Yangu peralkaline gneisses; solid squares in heavily 
stIppled fIeld = Wangu mafic gneisses; open circle with dot = 
Wangu iron-rich cumulates; cross-hatched field = Halambu 
gneisses; open star = Ngoye peralkaline granite gneiss ; solid 
star = Nigerian aegirine granite . 
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oxidation state of these sodic minerals; 
3. as shown in Figure 8, the Wangu gneisses have low 
Na20:K20 ratios (ca. 0,5 - 2) which is similar to the 
representative peralkaline Nigerian and Ngoye 
samples, whereas the Halambu gneisses are 
characterized by high Na20:K20 ratios (ca. 2 - 6). 
Two exceptions are the iron-rich cumulate rocks 
W232 and W233 which have low total alkalis and 
relatively high Na20:K20 ratios (Figure 8); 
4. Al20 3 contents within the Wangu gneisses are low (ca. 
9 - 13%) , compared with the Halambu gneisses which 
contain between about 14 and 16% A120 3. Samples 
W232 and W233 are highly depleted in Al20 3 (ca. 5-
6%) which reflects low modal feldspar contents and 
the lack of aluminous mafic minerals (Table 1); 
5. the Wangu gneisses are characterized by a wide range 
of Si02 contents (ca. 61 - 79%), while the Halambu 
granodioritic gneisses are restricted to a narrow range 
of between about 70 and 74% Si02; 
6. the Wangu granitoid gneisses generally contain 
normative acmite, reflecting low alumina relative to 
alkali contents and which is similar to the aegirine 
granite and granite gneiss norms from Nigeria and 
Ngoye presented in Table 2; 
7 . marked enrichment in incompatible and large-ion 
lithophilic elements such as Zn, Nb , Zr, Th , Y, and 
Rb is common to all the Wangu granitoid gneisses, 
relative to the representative Halambu granodiorite 
gneiss. As shown in Table 3, the Wangu gneisses 
contain similar amounts of these elements to a typical 
aegirine granite from a Nigerian central complex. Of 
potential economic interest are the high 
concentrations of Nb (614 ppm), Y (541 ppm) and 
REE (2300 ppm) in W232 and W233, although due to 
the lack of discrete REE minerals in these rocks , it is 
suggested that these incompatible elements are hosted 
by sodic minerals such as aegirine augite. 
8. the Wangu gneisses contain much lower amounts of Sr 
and Ba than the Halambu granodioritic gneisses; 
9. ratios of Ga*10000:Al within the Wangu gneisses are 
high (ca. 4--10) when compared with the Halambu 
gneisses (ca. 2 - 3); and 
10. REE chondrite-normalized ratios for samples W231, 
W235, H27 W229, and W232 are presented in Figure 
9. Apart from W232 the Wangu samples display 
LREE-enriched patterns (La/Yb = 6,18 -17,64) with 
significant negative Eu anomalies (EulEu* = 0,16 -
0,28). A representative peralkaline granite gneiss 
from the Ngoye complex has been plotted for 
comparison in Figure 9 (La/Yb == 7,11 and EulEu* = 
0,08). The unusual pattern exhibited by W232 may be 
due to the probable cumulate origin of this aegirine-
and magnetite-rich rock. Furthermore, in keeping 
with its high Fe203iFeO ratio (Table 2) the negative 
Ce anomaly may be related to formation under highly 
oxidizing conditions (Cullers & Graf, 1984). 
Wangu mafic gneisses 
Geochemical data and CIPW norms for the three 
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La Ce Pr Nd Sm Eu Gd Dy He Er Yb Lu 
Figure 9 Chondrite-normalized REE patterns illustrating the 
typical peralkaline trend of the Wangu granitoid gneisses 
(stippled field). W232 is a magnetite- and aegirine augite-rich 
cumulate phase with both Ce and Eu anomalies. The Ngoye 
.sample has been included for comparison . Chondrite values 
from Nakamura (1974). . 
Although this is a limited data base, the following major 
and trace element characteristics are apparent: 
1. Si02 contents are much lower than in the peralkaline 
granite gneisses (ca. 40 - 50%); 
2. total alkalis (7 - 9%) are high for the relatively low 
silica contents in these samples , and are similar to the 
levels reported in alkaline igneous rocks such as the 
Karoo nephelinite and Canadian lamprophyre given 
in Table 4. The Wangu mafic gr;;!isses are potassic 
rocks, with low Na20:K20 ratios of less than 0,7 
(Figure 8); 
3. the CIPW norms are characterized by the presence of 
nepheline, leucite and olivine , a reflection of the 
La Ce Pr Nd Sm Eu Gd Oy He Er Yb Lu 
Figure 10 Chondrite-normalized REE patterns illustrating the 
LREE-enriched nature of the Wangu mafic gneisses (stippled 
field). Data from the nearby Bull's Run alkaline gneisses, as 
well as a Karoo nephelinite , are included for comparison . 
Chondrite values from Nakamura (1974). 
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Figure 14 Comparison of trace element and Ga:AI ratios for Wangu gneisses , with S- and A-type granite fields from Whalen et al. 
(1987). S-type compositions characterize the rectangular field designated S, while A- types plot predominantly within the field 
marked A, as derived from Whalen et al. 1987. The Mvuzane samples are shown as solid circles vithin the stippled fields. The 
Halambu granodiorite gneisses (cross-hatched fields) have been plotted for comparison. 
(1980) and the normative classification of Streckeisen & 
Le Maitre (1979), respectively . The Halambu 
granodiorite / tonalite gneiss field is shown for 
comparison in both Figures 12 and 13, where a distinct 
difference in composition is apparent between the 
Halambu and Wangu gneisses. It is noted that the 
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nomenclature derived from the Streckeisen (1976) 
modal QAP ternary diagram of Figure 7 is virtually 
identical to that based on the normative classification of 
Figure 13 . 
Granites have been classified by various authors into 
three major genetic groups, namely 1- , S- and A-types 
according to parameters such as tectonic setting, 
derivation from various precursors , mineralogy , and 
geochemistry . Chappell & White (1974) proposed a 
partial-melting model for granites of orogenic belts , with 
derivation from igneous (I-type) or sedimentary (S-type) 
precursors. Thus I-type granites are defined as 
hornblende-bearing , metaluminous rocks with high 
Na20/K20 ratios , whereas S-type granites are 
characterized by peraluminous chemistry , low Na201 
K20 ratios and the occurrence of aluminous minerals 
like muscovite. Loiselle & Wones (1979) extended the I 
& S concept to embrace what they proposed should be 
termed A-type granites , with the 'A ' prefix derived from 
features considered common to this group such as 
Alkaline , Anorogenic, Anhydrous and After (in that 
they normally succeed 1- and S- type plutonism). 
Whalen et ai. (1987) summarized the characteristics of 
A-type granites , noting that good discrimination can be 
obtained between A-types and 1- and S-type granites on 
plots using GalAI ratios versus , for example , Zr, Nb , Ce , 
Y , and Zn contents, as well as the peralkalinity index. 
The Wangu gneisses, as illustrated in Figure 14, coincide 
with the A-type fields derived by Whalen et ai. (1987) , 
whereas the Halamb~ gneisses plot within the area of 
overlap between S-type and A-tyre granites . 
Pearce et ai. (1984) showed that undeformed 
Phanerozoic within-plate (WPG) or A-type granitic 
rocks can be distinguished from collision-related 
(COLG) and volcanic-arc (VAG) granites by using a 
binary plot of Rb v Y + Nb. When the Wangu granitoid 
gneisses are plotted on this diagram they fall well within 
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Figure 15 Tectonic discrimination plot of Rb against Y + Nb 
for the Wangu granitoid gneisses (solid circles), based on 
Pearce et at. (1984). Fields of peralkaline Ngoye gneisses 
(coarse stipple) and Halambu granodioritic gneisses (cross-
hatched) are included for comparison , as is a typical aegirine 









Figure 16 Total alkalis v. silica plot to show the alkaline 
character of the mafic Wangu gneisses (solid squares in boxes). 
The division into alkaline and subalkaline fields is after Kuno 
(1966) . For comparison a Karoo nephelinite (solid star) and 
Canadian mica lamprophyre (open star) are plotted, data from 
Table 4. 
relative to Rb , rather similar to the representative 
aegirine granite from the Nigerian Shira Complex 
(Figure 15) . The field of peralkaline granite gneisses 
from the Ngoye granite gneiss massif has been included 
in Figure 15 and also shows a WPG signature . The 
Halambu granodioritic gneisses have been plotted for 
comparison in Figure 15 and are suggested to have a 
VAG signature . 
Wangu mafic gneisses 
These have been classified using major elements and 
REE data. Thus , on the RI-R2 diagram (Figure 12) the 
three samples analysed are classified as having an 
essexite (or tephrite) composition , which is essentially a 
consequence of their high alkali contents relative to 
silica , as shown by their position within the alkaline field 
of Kuno (1966) in Figure 16 . 
. The Streckeisen & Le Maitre normative classification 
scheme has been uSed to classify sample W227 , which as 
shown in Figure 13 , plots just below Field 7, and may 
therefore be classified as a 'foid-bearing syenite '. Due to 
a lack of CO2 data for W436 (resulting in the normative 
allocation of Ca from calcite to anorthite) this sample 
has not been plotted in Figure 13. Sample W228 has 
abnormally high normative leucite and hence no 
normative orthoclase, as a result of its high biotite 
content and is therefore unable to be plotted in Figure 
13. 
REE chondrite-normalized data for samples W227 & 
W228 are given in Figure 10, and display the LREE-
enriched trend , with only minor Eu depletion , typical of 
alkaline rocks. REE-normalized values for nepheline 
syenite and carbonatitic gneisses from the Bull 's Run 
area (Scogings , own data) and a Karoo nephelinite 
(Duncan et ai., 1984) have been included as examples of 
alkaline igneous rocks for comparison. 
Discussion 
The Wangu granitoid gneisses have many of the 
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petrographic and geochemical characteristics of 
peralkaline granites. On the basis of field evidence , 
geochemistry, and by comparison with similar Hercynian 
felsic gneisses described by Seyler (1986), it is suggested 
that the Wangu gneisses represent deformed A-type 
peralkaline microgranitic or aplitic rocks. Although 
alkali depletion may have occurred during deformation, 
the presence of modal aegirine-augite , normative 
acmite, in addition to high concentrations of Zn , Zr, and 
Nb are considered diagnostic of peralkaline parentage . 
Localized iron-rich highly peralkaline siliceous gneisses 
with enhanced REE, Zr, Nb, and Zn contents are 
interpreted as magmatically concentrated cumulate 
layers within the Wangu gneisses. 
It is also suggested that the intrusive biotite-rich 
gneisses represent deformed volatile-rich alkaline mafic 
rocks . A genetic relationship is indicated between the 
peralkaline gneisses and mafic sheets on the basis of 
their alkaline character, as well as spatial association . 
Peralkalinity is a condition typical of granites and . 
rhyolites of oceanic islands and intra-cratonic rift 
environments, and has recently been recognized in post-
collisional plate tectonic settings (Bowden, 1974; 
Sylvester, 1989; Whalen et at. , 1987). This suggests that 
the Wangu gneisses have particular significance with 
respect to the interpretation of the tectonic setting of the 
NSMP at the time of intrusion of the Wangu gneiss 
precursors. Therefore , it is necessary to~onsider them in 
association with other alkaline/peralkaline gneisses 
recently described from the northern margin of the 
NSMP. As proposed by Scogings (1985, 1986) the Ngoye 
Granite Gneiss Formation (Figure 1 for locality) 
probably represents a tectonically deformed A-type 
granite central complex, very similar to the Nigerian 
'younger granite ' central complexes. Furthermore, the 
Bull's Run Syenite Gneiss Formation (see Figure 1) has 
been demonstrated to be lithologically complex, 
comprising a range of nepheline syenite gneisses with 
minor carbonatite and peralkaline dyke phases (Scogings 
& Forster, 1989), suggesting that the Bull's Run 
Formation represents a deformed syenite-carbonatite 
central complex. 
Following from the above , it is proposed that the 
Wangu, Ngoye, and Bull's Run alkaline/peralkaline 
gneiss occurrences constitute the remnants of a 
metamorphosed alkaline magmatic province, near the 
northern margin of the NSMP. This is in marked 
contrast to the calc-alkaline character suggested 
previously for the Halambu Formation by Charlesworth 
(1981). 
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CATALOGUE OF SOUTH AFRICAN 
LITHOSTRATIGRAPHIC UNITS 
Editor: M.R. Jchnson 
SA Committee for Stratigraphy 
1. PROPOSER OF NAME 
McCarthy (1961) proposed the name ' Ngoye Granite Gneiss.' 
2. DERIVATION OF NAME 
Ngoye Hills southwest of Empangeni, Natal (Fig. 1), which largely 
consist of rocks of the Ngoye Complex. 
3. TYPE AREA 
Terrain between Ngoye Forest Reserve and Mhlatuze River 
(Fig. 1). 
4. STRATIGRAPHIC POSITION AND AGE 
Situated within the Nkomo Nappe (Tugela Group) near the 
northern margin of the Natal Structural and Metamorphic Province 
(Charlesworth, 1981). Dated by Barton (1983) at 1067 :: 20 Ma (Rb-
Sr whole-rock isochron). 
5. GEOLOGIC DESCRIPTION 
Basic concept and unifying features: Geochemically related 
alkaline to peralkaline A-type granitoid gneisses, with minor 
monzodioritic and syenitic gneiss phases. 
Form and size of intrusion: Prominent easterly-trending 
whaleback massif 30 km in length and up to 4 km wide, rising to 
300 m above the surrounding terrane. A smaller 3-km-long satellite 
body is poorly exposed around Ninians, northeast of the main 
massif (Fig . 1). Apophyses of microgranite gneiss extend into the 
country rocks along the southern margin of the main massif. 
Lithology: Three broad varieties of granitoid gneiss are 
recognized, on the basis of alumina saturation relative to alkalis (for 
distribution see Fig. 1). 
Metaluminous gneisses (65%): Can be mineralogically subdivided 
into three types: (i) Biotite granite gneiss. Grey to pinkish, with pink 
microcline megaaysts (25-36%) set in a matrix of quartz (23-33%), 
plagioclase (26-34%) and biotite (4-7%). Accessory phases include 
hasting site, epidote, sphene and allanite. (ii) Biotite-hornblende 
granite gneiss. Light pinkish; medium-grained; comprises quartz 
(23-35%), microcline (3(}-40%) , plagioclase (20-30%) , hornblende 
(3-8%) and biotite (~4%) . Sphene and opaques are common 
accessory minerals. (iii) Hornblende monzodiorite gneiss . Coarse-
grained; white with black hornblende aggregates; comprises 
plagioclase (60-70%), microcline (10-20%) , hornblende (4-8%), and 
calcite « 5%). Accessory constituents include quartz, diopside, 
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garnet, sphene, allanite and apatite. 
Peraluminous gneiSS (20%): Consists essentially of muscovite-
biotite granite gneiss : Light pinkish to white ; fine- to medium· 
grained; well foliated ; comprises quartz (30-39%), microcline 
(25-35%), albite (25-35%), biotite (~5%), muscovite (s4%), and 
accessory garnet, opaques and fluorite . 
Peralkaline gneisses (15%): Two types have been recognized: 
(i) Riebeckite granite gneiss . Medium-grained; white; prominent 
foliation defined by blue-black riebeckite crystals or aggregates of 
biotite, riebeckite and aegirine. Composed of quartz (3(}-40%), 
microcline (30%), albite (25-35%), riebeckite (~6%), biotite (s4%) 
and aegirine (S5%) . Common accessories include fluorite and zircon. 
Oi) Magnetite microgranite gneiss. Fine-grained; light pink; consists 
of microcline (45-55%), albite (10%), quartz (35-40%), with 
magnetite «5%) as the diagnostic mafic phase. Zircon and fluorite 
are present in trace amounts. Minor variants within the microgranite 
gneiss include coarse-grained lenses rich in quartz, magnetite , 
zircon , sphene and fergusonite , in addition to syenitic gneisses 
consisting mainly of microcline (60-70%), albite (20-25%), quartz 
«5%) and chlorite (5-10%). 
Geochemistry: The Ngoye granitoid gneisses display a wide 
range of SiO<.. contents (65-77%) and are generally very depleted in 
Al203, MgO, caO, Ba and Sr, but enriched in Na20, 'SO, ZI, In, Nb 
and REE relative to average granites (Scogings, 1985; 1986). 
Although subeconomic. the quartz-magnetite lenses within the 
magnetite granite gneiss unit contain significant amounts of ZI 
(0.3-5%), Nb (0,18-1 ,3%), Sn (50.2%), Y (0,02-0.48%). Zn 
(0,02-0,23%), U (0,01-0,1%) , Th (0,01-0.3%) and REE (0.1-1 .12%). 
Genesis: The Ngoye gneisses have many of the mineralogical and 
chemical characteristics typical of A-type late stage "granite central 
complexes' according to the parameters suggested by Whalen et a/. 
(1987) . Comparison of the Ngoye Complex with the "younger 
gJanite" complexes of Nigeria, Saudi Arabia and the Sudan reveals 
marked similarities with regard to rock types. size of complex. 
geochemistry and economically important elements (Scogings. 
1985) . By analogy, therefore . it probably represents a 
metamorphosed and structurally deformed granite central complex. 
Other aspects: The Ngoye Complex has a pervasive east·striking 
planar structural fabric. with steep southerly dips along its southern 
margins and moderate to steep northerly dips along the northern 
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Fig. 2. Type localities (A, 8, C) of the Ngoye Complex. 
6. BOUNDARIES 
Contacts of the Ngoye Complex with the surrounding 
amphibolites are sharp, discordant and frequently mylonitized. 
Internal contacts are generally sharp and suggested to be intrusive, 
although the well developed structural fabric tends to mask age 
relationships (Scogings, 1985) . 
7. HISTORICAL BACKGROUND 
The name Ngoye Granite Gneiss was proposed by McCarthy 
(1961). Charlesworth (1981) further defined the extent and 
composition of granitic rocks in the Ngoye Hills and introduced the 
term Ngoye Granite Gneiss Formation (cf. SACS, 1980). The 
variation of alkaline/ peralkaline granitoid gneisses within the unit 
was first recognized by Scogings (1985; 1985). The use of the term 
"complex" is in accordance with nomenclature used to describe 
similar alkaline/ peralkaline granite central complexes (e.g. Nigeria; 
Bowden et al., 1987), although some of the referees favoured calling. 
the unit a "suite". 
8. SUBD;VISION 
No subdivision into named rock units is envisaged. 
[2-38] 
9. REGIONAL ASPECTS 
Geographic distribution: See Figure 1. 
Lateral variation: As noted above and in Figure 1. 
Correlation: Similar, though more peralkaline, granitoid gneisses 
have been described by Scogings (1989) from the Wangu area, 
some 40 km west of the Ngoye Complex. Alkaline and peralkaline 
syenitic and carbonatitic gneisses have also been recorded from the 
Bull 's Run area, 30 km west of Ngoye (Scogings and Forster, 1989). 
It has been suggested that these three occurrences are the remnants 
of a metamorphosed "alkaline province" (Scogings, 1989). 
10. STRATOTYPES 
A composite type locality has been defined that shows typical 
examples of the three major granitoid gneiss varieties at component 
type localities A (peraluminous gneisses), B (metaluminous ' 
gneisses) and C (peralkaline gneiss) (Figs 1 and 2). Type locality A 
comprises natural outcrops on northern side of road, type locality B 
consists of a road cutting and small quarry west of road, and type 
locality C (which can only be reached using a light truck or four-
wheel-drive vehicle) displays natural outcrops near the access track. 
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1. PROPOSER OF NAME 
Nicolaysen and Burger (1965 - "Bulls Run Syenitic Gneiss"); 
revised by present author (this publication) . 
2. DERIVATION OF NAME 
The farm Bulls Run Estate 12987, 17 km NNW of Eshowe, Natal. 
3. TYPE AREA 
Northeast of Goedertrou Dam (Fig. 1). 
4. STRATIGRAPHIC POSITION AND AGE 
Located within the Nkomo Nappe of the Tugela Group, near the 
northern margin of the Natal Metamorphic Province (Charlesworth, 
1981). Intrusive into the Tugela Group. Nicolaysen and Burger (1965) 
obtained a U-Pb age of 1140 :: 35 Ma from a single zircon. More 
recent work (author's unpublished whole-rock Rb-Sr data) indicates 
an age of 1138 :: 45 Ma for the nepheline syenite gneiss. 
5. GEOLOGICAL DESCRIPTION 
Basic concept and unifying features: Geochemically related 
undersaturated to saturated alkaline/ peralkaline syenitic and minor 
carbonatitic gneisses. 
Form and size of body: Prominent easterly-trending ridge 15 km 
long and up to 1,5 km wide, rising some 400 m above the Mhlatuze 
River (Fig. 1). 
Uthology: A broad subdivision into three major syenitic gneiss 
types (muscovite syenite, nepheline syenite and albite syenite 
gneiss) is proposed for the bulk of the complex (Fig.1) . Three minor 
rock types (carbonatite, peralkaline microsyenite and alkaline mafic 
gneiss) occur as dyke- or sheet-like bodies in the muscovite syenite 
gneiss (Scogings & Forster, 1989). 
Muscovite syenite gneiss (50%): Medium-grained; white to 
yellowish grey. Consists of muscovite (5-35%), microcline (20-35%), 
albite (30-40%) and biotite « 10%); calcite, apatite and sphene are 
accessory minerals. 
Nepheline syenite gneiss (30%): Medium- to coarse-grained; 
blue-grey to dark grey. Comprises nepheline (5-40%), microcline 
(30-50%), albite (5-30%) and biotite (2-15%). Cancrinite, calcite , 
apatite and ilmenite are characteristic accessories. Nepheline syenite 
gneisses within the eastern portion of Goedertrow contain aegirine 
augite (5-20%) and are more mafic than those on Black Eyes and 
Bulls Run; they can be classified as feldspathic ijolite. 
Albite syenite gneiss (20%): Fine-grained; light grey to white; has 
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siliceous appearance in outcrop. Composed of albite (4~5%), 
microcline (25-45%), nepheline «25%) and biotite (2-7%). 
Accessory minerals include zircon, pyrochlore, cancrinite and 
sericite; nepheline is commonly kaolinized. 
Carbonatite gneiss « 1 %): Medium-grained; white to brown. 
Consists of calcite (60-96%), alkali feldspars «20%), biotite (3-
25%), apatite « 10%). Accessory minerals are ilmenite, pyrochlore 
and zircon. 
Peralkaline microsyenite gneiss « 1 %): Fine-grained; white to 
blue-green. Consists of albite (60-70%), microC/ine (1 cr-20%) , quartz 
(2-6%) and aegirine-augite (2-5%). Calcite and riebeckite occur in 
accessory amounts. 
Alkaline mafic gneiss « 1 %): Fine-grained; dark grey to black. 
Consists of biotite (20-50%), albite (35-50%), microcline (2-15%), 
calcite (8-12%) and apatite « 3%). 
Geochemistry: Muscovite syenite gneisses are silica-saturated 
(SiOi 52-59%), peraluminous and have moderate alkali contents 
(Na2u+K.,0 : 1cr-13%) , with ISO generally in excess of Na20 
(N~O/lSb c. 0,75). Nepheline syenite gneisses are undersaturated 
(SiO : 48-58%; normative nepheline 1 cr-30%) , metaluminous to 
perafuminous and have elevated alkali contents (N~O + ISO : 
12-15'l(!). Potassic and silica-rich in central and western outcrops 
(Na20/1S0 c. 0,75) but more sodic arid undersaturated in the east 
(Nap/ ISO c. 1,25) . Albite syenite gneisses have the highest silica 
contents of the major lithologies (Si02: 57-65%) and due to their 
sodic character (N~O/ISO : 1-2,5) are moderately undersaturated 
(normative nepheline 1cr-20%). FeO «2%) and CaO « 1%) contents 
are low. Enrichment in trace elements such as ZI (7()(}-2QOO ppm) 
and Nb (2()(}-16500 ppm) is diagnostic. Carbonatite gneisses have 
typical sovite chemistry: CaO (30-55%), MgO (c. 0,5%), P P5 « 6%), 
Sr (6000-9000 ppm), Nb (5cr-4000 ppm). Peralkaline mlcrosyenite 
gneisses are silica-saturated (Si02: 60-70%, normative quartz 
2-12%), sodic (N~O/~O c. 2) and mildly peralkaln.e (Na+K/Al c. 
1,02). Alkaline mafiC gneisses have high alkali contents (Na20+ K.,O: 
8-11%) for relatively low Si02 (45-50%); trace elements In, Nb,Lr, 
Rb, Sr, Ba, F, CO2 and LREE are enriched and typical of nephelinite 
or alkaline lamprophyre. 
Genesis: The Bulls Run gneisses have many of the mineralogical 
and geochemical characteristics typical of nepheline syenite/ijolite 
carbonatite central complex magmatism. Nepheline syenite 
complexes are generally intruded into anorogenic or rifted 
continental settings, but minor occurrences have also been noted in 
within-plate oceanic settings. By analogy with undeformed 
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Fig. 1 Distribution of the Bulls Run Complex and location of its type area. 
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complexes, the Bulls Run gneisses probably represent a 
metamorphosed and deformed nepheline syenite / carbonatite central 
complex. Rb-Sr isotopes (author's data) indicate that the nepheline 
syenite gneisses had a low initial 87Sr /86Sr ratio of 0,7028 at the 
time of intrusion, indicating a mantle-derived alkaline magma. 
Available field data suggest that the sequence of magmatic 
emplacement was: (i) muscovite syenite, (ii) carbonatite, (iii) 
nepheline syenite, (iv) albite syenite. The muscovite syenite may be 
a fenitised aureole around the nepheline syenites (Scogings and 
Forster, 1989). 
Other aspects: The Bulls Run Complex has a pervasive east-
striking planar structural fabric that transgreses lithological contacts 
and dips to the south at between 50" and 7rJ'. 
6. BOUNDARIES 
Contacts of the Bulls Run Complex with the surrounding 
amphibolites are not exposed, but the known field relationships 
indicates that they are sharp and mylonitized. Charlesworth (1981) 
suggested that the mylonites are located along thrust faults around 
the Bulls Run body. Internal contacts are rarely exposed, but where 
observed are sharp and intrusive, although the well developed 
structural fabric tends to obscure age relationships. 
7. HISTORICAL BACKGROUND 
The syenitic character of the gneisses on Bulls Run Estate, 
described as "soda-rich Tugela migmatites and gneisses," was first 
noted by Nicolaysen & Burger (1965, p. 508) who proposed the 
name Bulls Run Syenitic Gneiss. Charlesworth (1981) subsequently 
outlined the syenitic gneisses which he termed the Bulls Run Syenite 
Gneiss Formation (cf. SACS, 1980). Scogings & Forster (1989) 
redefined the outer limits of the body (their Bull's Run Syenite 
Gneiss Complex), particularly in the east on Goedertrow 7806 and 
Umhlatuzi 12242, and described the undersaturated character of the 
gneisses. 
8. SUBDIVISION 
No subdivision into named rocks units is envisaged. 
9. REGIONAL ASPECTS 
Geographic distribution: See Figure 1. 
Lateral variation: See 5 above and Figure 1. 
C'6rrelatlon: Geochemically-related alkaline granitoid gneisses 
have been described from the Ngoye Hills 30 km east of Bulls Run 
(Scogings, 1986; 1990) and also from Wangu Hill some 5 km west 
of Bulls Run (Scogings, 1989). It has been suggested that these 
three occurrences are the remnants of a metamorphosed alkaline 
province (Scogings, 1989). 
10. STRATOTYPES 
Type localities of the three major syenite gneiss varieties, in 
addition to carbonatite gneiss, have been defined in the eastern part 
of the complex (Fig. 2) . Together these constitute a composite type 
locality. Type locality A: natural outcrops of muscovite syenite gneiss 
on summit of hill ; type locality B: road cutting in nepheline syenite 
gneiss below Eskom powerlines; type locality C: natural outcrops of 
albite syenite gneiss on westerly trending spur; type locality D: 
natural outcrops of brown carbonatite 25 m southeast of type locality 
A 
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1. PROPOSER OF NAME 
Scogings (1989 - "Wangu granitoid gneisses"); modified by author 
(this publication). 
2. DERIVATION OF NAME 
Wangu Hill, 20 km NWof Eshowe, Natal (Fig. 1). 
3. TYPE AREAS 
Wangu Hill to the Mvuzane River 1,5 km to the southwest of 
Wangu Hill (Fig . 1). 
4. STRATIGRAPHIC POSITION AND AGE 
Situated within the Nkomo Nappe near the northern margin of the 
c. 1100 Ma Natal Metamorphic Province. No age determinations 
available. 
5. GEOLOGICAL DESCRIPTION 
Basic concept and unifying features: Predominantly alkalinej 
peralkaline granite gneisses, with very minor alkaline mafic intrusive 
phases. 
Form and size of intrusion: Elongate easterly-trending body 6 km 
long and up to 1 km wide. Three-dimensional form unknown. 
Uthology: Three varieties of gneiss are recognised on the basis 
of modal mineralogy, two being granitic and the third mafic. 
Magnetfte granite gneiss (78%): Fine"9rained, light pink to pink. 
Consists of quartz (25-40%), microcline (20-35%), albite (25-45%) 
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and magnetite (3-8%). Biotite and fluorite are accessory phases. 
OAP classification (Streckeisen, 1976): alkali-feldspar granite (Fig. 2). 
, 
Aegirine granfte gneiss (20%): Fine-grained, light pinkish to white. 
Consists of quartz (25-50%), microcline (10-40%), albite (20-50%), 
magnetite « 1 0%) and aegirine « 15%). Classified as alkali-feldspar 
granite on the OAP diagram (Fig. 2). 
Mafic gneiss (2%): Occurs as sheets up to 30m long and 1m thick, 
containing xenoliths of peralkaline granitoid gneiss implying an 
intrusive relationship. Fine-grained; grey to dark grey, with glistening 
appearance in hand specimen due to high biotite content. 
Comprises biotite (45-65%), albite (20-40%) microcline (5-10%), 
calcite (5-10%) and apatite «5%). Accessory minerals are opaque 
oxides, pyrite and sphene. Classified as alkali-feldspar syenite on the 
OAP diagram (Fig . 2) . 
Geochemistry: Aegirine granite gneiss is peralkaline (Na + Kj A! = 
1,01-1,33) and silica oversaturated (Si02: 67-79%). Scogings (1989) 
reported low levels of MgO, CaO, Ba and Sr, elevated GajA! ratios 
and enrichment in incompatible trace elements such as Zn (123-612 
ppm), Zr (450-1836 ppm), Y (95-159 ppm) and Nb (8S-423 ppm). 
These are characteristic of peralkaline granite chemistry as defined 
by Whalen et al. (1987). 
Magnetite granfte gneiss is metaluminous to almost peralkaline 
(Na+KjA! = 0,94-0,99) and silica oversaturated (SiO : 67-78%). 
Major and trace element chemistry very similar to t~e aegirine 
granite gneisses. 
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Fig. 2 Classification of the Wangu gneisses and Halambu grana-
dioritic gneisses on the $treckeisen (1976) QAP modal diagram. 
high total alkalis (N~O + ISO: 7-9%) similar to nephelinite and 
mica lamprophyre (Scogings, 1989). Dominantly potassic, with 
ISO/N~~O c. 2,5. Trace element contents such as Zn (450-750 
ppm), NO (45-390 ppm), Rb (390-635 ppm), Sr (340-1445 ppm) 
and Ba (970-1460 ppm) are similar to alkaline mafic rocks such as 
nephelinite and mica lamprophyre (see Scogings, 1989). 
Genesis: The Wangu granite gneisses represent deformed 
peralkaline microgranitic or aplitic rocks. The Wangu gneisses range 
in composition from quartz syenite to alkali granite on the R1-R2 
diagram of de la Roche et al (1980) and are clearly different from the 
field of Halambu gneisses (Scogings, 1989). "A-type", or "within 
plate" trace element chemistry corroborates major element character 
and contrasts markedly with the surrounding calc·alkaline Halambu 
Formation gneisses. Therefore the Wangu granitoid gneisses 
probably represent deformed "A·type" microgranitic or aplitic rocks. 
The fine grain size, if an inherited feature , indicates high·level, 
possibly subvolcanic, intrusion of a rapidly-cooled granitic body. 
The biotite-rich mafic gneisses are possibly derived from alkaline 
mafic rocks of essexite composition, with a genetic relationship to 
the peralkaline gneisses suggested on the basis of their alkaline 
nature and close spatial association. 
Other aspects: The Wangu gneisses have a pervasive east· 
striking structural fol iation that dips southwards at moderate angles 
(c. 45°). 
6. BOUNDARIES 
Contacts of the Wangu gneisses with the surrounding Halambu 
Gneiss are not exposed but from intense foliation are thought to be 
tectonic or thrusted , similar to those around the Ngoye and Bulls 
Run Complexes (Scogings and Forster, 1989; Scogings, 1990). 
7. HISTORICAL BACKGROUND 
The area was first mapped by du Toit (1931) when he assigned 
the rocks on "lwangu Hill" to the predominantly amphibolitic "Tugela 
Series". The rocks north of this hill were described as granites of the 
"Alambu Mass". Subsequent mapping by Charlesworth (1981) 
resulted in the incorporation of Du Toil's Tugela Series rocks of the 
Wangu area into the "Halambu Granite Gneiss Formation" (cf. SACS, 
1980). The Halambu Formation was described as predominantly of 
calc·alkaline granodioritic to tonalitic composition , with minor 
amounts of monzonitic gneiss in the southern part of the formation 
(Charlesworth, 1981). The presence of alkaline/peralkaline gneisses 
on Wangu Hill was first recognised by Scogings (1989), who referred 
to them as the "Wangu granitoid gneisses". 
8. SUBDIVISION 
No subdivision into named rock units is envisaged. 
9. REGIONAL ASPECTS 
Geographic distribution: See Figure 1. 
Lateral variation: f:.s noted above and in Figure 1. 
Correlation: Similar alkaline/peralkaline granite gneisses have 
been recorded in the Ngoye Complex, 40 km east of Wangu Hill 
(Scogings, 1985; 1986; 1990). Geochemically related, though 
undersaturated, syenitic and carbonatitic gneisses have also been 
described in the Bulls Run area, to the northeast of Wangu 
(Scogings and Forster, 1989). These occurrences of alkaline gneiss 
may be the remnants of an "alkaline province" (Scogings, 1989). 
10. STRATOTYPES 
Typical examples of the three gneiss varieties are to be seen at 
type localities A (aegirine granite) , B (magnetite granite) and C 
(mafic gneiss) (Fig. 1). All are natural outcrops and are best reached 
on foot traverse from A to C. Access to point A is by foot path from 
the Fort Yolland road , with use of four·wheel drive vehicle 
recommended in the rainy season. 
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Mineralization in the three major tectonostratigraphic terranes of the Late Proterozoic Natal Metamorphic Province can 
be subdivided into a number of distinct types. In the greenschist to amphibolite grade Tugela Terrane (in the north), 
shear zone-hosted epigenetic precious metal mineralization, a gold-bearing volcanogenic exhalative massive sulphide 
body, and primary magmatic mineralization are recognised. There is a stepwise decrease in metallic ore occurrences 
southwards into the higher-grade terranes, such that no occurrences have been recognised in the granulite facies 
Margate Terrane. The mineralization is consistent with models which have been proposed to account for the evolution 
of the belt as a whole, including northward obduction of the Tugela Terrane ophiolite (seen as an oceanic basin 
situated to the south of the Archaean Kaapvaal Craton), and accretion of discrete magmatic arcs which developed to 
the south of the Tugela Ocean. 
Mineralisasie in die drie hoof-tektonostratigrafiese terreine van die Laat-Proterosolese Natal Metamorfe Provinsie kan 
onderverdeel word in 'n aantal duidelik onderskeibare tipes. In die groenskis- tot amfibolietgraad Tugelaterrein (in die 
noorde), word epigenetiese metaalmineralisasie in skeursones, 'n gouddraende vUlkanogeniese ekshalerende massiewe 
sulfiedliggaarn, en primere magmatiese mineralisasie, herken. Daar is 'n trapgewyse afname in metaalhoudende 
ertsvoorkomste suidwarts in die hoer-graarl terreine in, sodanig dat geen voorkomste in die Margateterrein se 
granulietfasies herken kan word nie. Die mineralisasie stem ooreen met modelle wat voorgestel is om die evolusie van 
die gordel as 'n geheel, insluitende noordwaarste obduksie van die Tugelaterrein-ofoliet (gesien as 'n oseaniesekom na 
die suide van die Argelse Kaapvaalkraton gesitueer), en die akkresie van afsonderlike magmatiese hoe wat na die suide 
van die Tugelaoseaan ontwikkel het, te verklaar. 
'Present address: Anglo American Prospecting Services, P.O. Box 561 , Betha!, 2310. 
Introduction and geological setting 
The Late Proterozoic Natal Metamorphic Province crops out 
in a series of poorly exposed basement inliers which cover 
some 10000 km2 of Natal / KwaZulu. The belt stretches ca. 
300 km from the Tugela Valley to northern Transkei 
(Figure 1). The rocks, which .have a broadly east-trending 
structural grain, have undergone intense polyphase 
deformation and medium- to high-grade regional meta-
morphism. It has been widely assumed, since the 
geochronological studies of Nicolaysen & Burger (1965), 
that the Natal and Namaqualand Metamorphic Provinces are 
contiguous beneath the Karoo cover of central southern 
Africa. Isotopic dates from the Natal Province (chiefly Rb-
Sr, whole-rock, and U-Pb, zircon) fall within the range 
-1250 to -900 Ma (Eglington et ai., 1989; Thomas & 
Eglington, 1990). In the Tugela Valley, the rocks of the 
Natal Province are in tectonic contact with those of the 
Archaean Kaapvaal Craton. It has been suggested that this 
northern part of the belt represents a deformed and 
metamorphosed Proterozoic obduction zone, involving a 
package comprising mafic/ultramafic oceanic crust with 
overlying pelagic metasediments and metalavas (Matthews, 
1972). These rocks, interpreted as the middle and upper 
parts of an ophiolite complex, were transported northwards 
in a series of thrust nappes onto the stable foreland of the 
Kaapvaal Craton along a sole decollement known as the 
Mfongosi thrust (Matthews & Charlesworth, 1981). The 
southern, western, and eastern limits of the belt are obscured 
beneath Palaeozoic cover rocks. However, a 100-200 km 
wide, east-trending geophysical anomaly (the Southern Cape 
Conductive Belt) strikes westwards from the Transkei coast, 
some 60 km south of the southernmost outcrops of the Natal 
Metamorphic Province (Figure 1). This anomaly has been 
interpreted as a large slab of highly conductive and 
magnetic, partially serpentinized rock which represents 
oceanic lithosphere that was subducted during the 
Proterozoic (De Beer et ai., 1982). The Southern Cape 
Conductive Belt thus probably marks the unseen southern 
limit of the belt. 
The Natal Metamorphic Province has not been an 
important source of metallic minerals, particularly in 
comparison with the numerous rich deposits which are 
exploited from the western continuation of the belt, the 
Namaqualand Metamorphic Province. However, the 
relatively mountainous terrain, deep weathering, thick 
vegetation cover and poor outcrop which characterise the 
Natal Province, have doubtless hindered mineral 
exploration. In addition, there is very little literature on 
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HOST LITHOLOGY 
Mainly schists of the Mfongosi Group 
and amphibolites of the 
Tugela Group 
Amphibolites and schists of the 
Twna Formation (Tugela Group) 
Mafic and ultramafic rocks of the 
Sithilo. Sebenzani, Mambula 
and Tugela Rand complexes 
Syenitic and carbonate gneiss 
(Bull's Run Complex) 
Peralkalinc granitoid gneiss of 
Ngoye Complex 
Peralkaline gneiss in Halambu 
Formation 
Granite gneiss (Mzimlilo Suite) 
and fme-grained siliceous 
gneisses (Mapwnulo Group) 
Calc-silicates and amphibolites 
(Mapumulo Group) 
Alaskitic granites and pegmatites 
Gneisses of Mapumulo Group. 
granites 
MINERALIZATION lYPE 
Gold associated with 
quartz in shear zones 
Deformed, stratiform, sediment-
hosted exhalative massive 
sulphide 
Vanadiferous and titaniferous 
magnetite layers and 
chromite-bearing pods in layered 
maficlultramafic intrusions 
Local concentrations in gneissic 
carbonatite 
Quartz-magnetite 'blows' 
Disseminated in peralkaline 
granitoid gneisses 
En echelon quartz veins associated 




Xenotime, allanite etc, in alaskitic 
granite and pegmatites 




Wuth & Archer. (1986). 
Reynolds. (1986). 
Knoetze. (1988) 




Thomas & Gain, (1989) 
Scogings. (1984) 
Evans (1984) 
Hart & Barton. (1984) 
MARGATE TERRANE NO METALLIFEROUS OCCURRENCES KNOWN 
are locally developed. The metalavas are composed of 
40-60% chlorite and up to 15% epidote with varying . 
amounts of sericite, albite, quartz, carbonate, clinozoisite, 
and biotite. Rare undeformed amygdales, first recognized by 
Matthews (1959), have cores of epidote, surrounded by 
granular quartz and calcite. The pelites consist of sericite, 
quartz, chlorite, and albite. 
Weak to pervasive carbonate alteration is evident in all 
the metalavas, being most strongly developed in zones of 
intense shearing. This alteration is late in the paragenetic 
sequence, post-dating the Au mineralization. The secondary 
carbonate occurs as concordant, fIne- to medium-grained 
patches, or as thin (-1 mm) carbonate veins which cross-cut 
the foliation. Carbonate is also present in late-stage, 
1-10 cm-thick, undeformed quartz veins. It is suggested that 
this alteration was caused by the passage of late-stage COr 
rich fluids. An early, pretectonic, generation of 
unmineralized, highly deformed quartz veins is locally 
conspicuous, 
The graphitic schist units in the Ngubevu area are 
typically developed along the contacts between meta lavas 
and metasediments, or enclosed within the latter. These 
layers contain zones, up to several metres in thickness, of 
intense carbonation, associated quartz and sericite, with 
abundant fine-grained tourmaline, which locally constitutes 
more than 20% of the rock. These rocks conform to the 
. definition of 'tourmalinites', as proposed by Slack (1982), 
who pointed out · that such rocks are often spatially 
associated with, and genetically related to, stratabound base 
metal sulphide, gold, tin, and tungsten deposits, as a result 
of submarine exhalative processes. Thus; the location of 
such tourmaline-rich rocks may possibly be used as a 
prospecting tool (one tourmalinite sample from the Ngubevu 
area returned a value of 350 ppb Au). This mineralization is 
considered to be syngenetic in origin. It is therefore possible 
that some of the later shear zone-hosted epigenetic gold 
mineralization may have been derived, at least in part, from 
a syngenetic, stratabound, exhalative protore rich in 
tourmaline. 
The mineralization at all the old workings consists of 
epigenetic gold-rich quartz veins confined to west-striking 
zones of intense shearing. These thin (up to 3 em), weakly 
deformed, discontinuous quartz veins and stringers contain 
up to -7 000 ppb Au, whereas the late stage, undeformed 
carbonate-bearing quartz veins contain only minor amounts 
of gold (up to 20 ppb). To summarize, at Ngubevu, the 
following sequence of events important to the genesis of the 
mineralization is recognised: 
1. an early phase of barren. highly deformed quartz veins; 
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Figure 2 Metallic mineral occurrences in the Tugela Terrane. (fectonic data from Matthews & Charlesworth, 1981). 
2. intense shearing, probably associated with northward-
directed thrusting; 
3. mineralizing hydrothermal fluids, which were channelled 
through shear zones, deposited gold in quartz veins 
during the metamorphic event that was synchronous with, 
or possibly post-dated the last major deformation; and 
4. the late generation of virtually barren veining is related to 
late-stage influx of C~-rich fluids along shear zones, 
resulting in extensive carbonate alteration. 
In addition to precious metal mineralization at Ngubevu 
several Cu-Zn showings have been identified some 6 km to 
the east of the goldfield (Figures 2 & 3). The host rocks are 
deformed, southerly dipping, quartz-mica schists and 
chlorite-epidote schists with quartz-calcite veins containing 
coarse-grained pyrite. Relic textures in the rocks led Brown 
(1988) to suggest that the Mfongosi schists at this locality 
represent highly deformed metalavas and tuffs, and that the 
mineralization was of submarine volcanogenic exhalative 
type, with a chloritized and carbonatized stringer zone to the 
south, and a stratigraphically higher, Cu-Zn sulphide zone to 
the north. Gossanous outcrops have given values up to 
0,85% Cu and 1 % Zn. 
Mfongosi Gold Mine 
The Mfongosi Mine workings are situated on the north bank 
of the Tugela River, 1 kill east of its confluence with the 
Mfongosi River (Figure 2). Numerous ore zones, consisting 
of thin quartz stringers in Mfongosi chlorite schists, are 
developed along the southerly dipping foliation. 'Ayers 
Reef, a steep, west-pitching, poorly defined ore body up to 
1,1 m thick yielded, in 1909, 1 325,3 g Au (Du Toil, 1931) 
at an average grade of 5,2 git. 
Mfongosi Pb-Ag workings 
These workings are situated 2 km north of the Mfongosi 
Gold Mine, in Mfongosi chlorite schists (Figure 2). The 
mineralization is associated with a 1,7 m thick quartz vein, 
containing argentiferous galena. Hedges (1909) noted that 
the galena was disseminated throughout the ore body which 
is otherwise zoned; Cu sulphides concentrated towards the 
hanging wall, and pyrrhotite towards the footwall. The 
workings could not be located in 1988. 
Mfongosi Cu-Ag occurrence 
This occurrence takes the form of deformed, concordant 
lenses of mineralized granitoid which intrude chlorite 
schists, magnetite quartzites, and limestones of the 
Mfongosi Group, 1 km NW of the confluence of the 
Mfongosi and Tugela Rivers (Figure 2). The lenses are up 
to 5 m in length and 3 m in thickness but of unknown 
width (Theart, 1981). The granitoids are extremely sodic (up 
to 6,75% Na20) and grab samples from these rocks gave 
values up to 1,6% Cu and 9 ppm Ag. It is clear that the 
mineralization is directly related to the introduction of 
cupriferous sodic granite veins and dykes. 
Nkunzana Gold Mine 
The mine is situated on the east and west banks of the 
Nkunzana River, some 40 kill NW of Eshowe (Figure 2). 
The two workings, which were abandoned in 1922, 
produced some 24 kg Au from 8 672 t of ore at -2,8 git 
(Du Toit, 1931). Apparently, this low recovery rate reflects 
dilution of higher-grade ore from the ore-shoots by lower-
grade material, a suggestion verified both by the absence of 
waste dumps, and records of high Au values within stope 
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Quartz sericite schist, 
quartz chlorite schist 
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Some carbonate alteration. 
Gold in quartz veinlets 
with disseminated pyrite. 
Pervasive silicification. 
Intense late-stage sericite-calcite 
alteration. Minor pyrite. 
No quartz veining. Propylitic 
alteration around shear 
(epidote-albi te-chlori te-sericite) 
Gold in fine quartz veinlets. 
Chlorite-calcite-sericite-pyrite 
alteration in shear zone. 
Alteration halo not mineralized. 
Late carbonatization. 
Sideritic alteration. Gold 
associated with pyrite in 
gossanous enclaves in quartz 
veins with Cu, Pb, and Zn and Ni 
sulphides. 
MFONGOSI WORKINGS 
Numerous quartz stringers 
Ore zone contains argentiferous 
galena, minor chalcopyrite, 
pyrrhotite 
Mineralization in SO(liC granite 
and host-rock schists 
NKUNZANA GOLD MINE 




Silicified shear zone 
dipping 63°S 
4m-wide shear zone dipping 60"S 
Minor Au-bearing quartz veins 
in the shear. 
Shear zone dips 55°S 
Mineralized veins 70 cm thick 
dip steeply to south 
Southerly dipping ore zone 
-1 m thick 
S-dipping quartz vein 
up to 1,7 m thick 
in shear zone 
Concordant sadic granite 
lenses dip to south 




Best value 5,2 ppm 
Au in veinlets 







1,6 ppm Au, 
2,23% Cu, 
811 ppm Ni, 
2 ppm Ag. 
5,2g1t over 1,1 m 
(Du Toit, 1931) 
1,6% Cu, 9 gIt Ag 
(Theart, 1981) 
11 ppm Au 
pillars (eg. 11 glt Au over 1,2 m; Hatch, 1910). 
The gold mineralization is hosted in sericite and chlorite 
schists of the Mfongosi Group. The schists are intensely 
sheared and display steep, southerly dipping, C- and S-
planar fabrics in addition to steeply plunging lineations and 
fold closures. According to old mine plans and sections, the 
auriferous lodes are steeply plunging, pencil-like bodies that 
were mined 70 m downplunge to the level of the Nkunzana 
River. Figure 4 shows a cross-section through the workings. 
Reconnaissance sampling of the adits has shown .that 
elevated precious and base metal contents are contained 
within a ferruginous, highly oxidized reef zone, with the 
following maxima recorded over I m intersections: Au 
(4,4 ppm); Ag (0,9 ppm); Cu (235 ppm); Pb (1 260 ppm); 
Zn (370 ppm) and As (333 ppm). In addition, Ba, Y, Rb, 
and Co are enriched across the auriferous zone, relative to 
the surrounding schists. An example of a typical sampling 
profile is given in Figure 5. Whereas the eastern workings 
have a Cu-As signature, the western workings are 
distinguished by a Pb-As-Zn association. The general tenor 
of gold mineralization in unstoped 'off-shoot' sections of 
the adits is in the 0,5 to 2 ppm range. Values outside stoped 
areas are comparable with the 11 glt recorded by Hatch 
(1910), in an area now inaccesible due to fallen ground. The 
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Figure 3 Geological map of the Ngubevu Goldfield. 
reef zone itself can only be distinguished from the country 
rocks by its somewhat ferruginous nature. Unlike other 
shear-related gold deposits within the Tugela Terrane, there 
is apparently no correlation between gold mineralization and 
intensity of vein quartz development. 
Shear zone-hosted precious metals in the Nappe zone 
Phoenix Mine 
The Phoenix Mine is the most important gold occurrence in 
the so-called 'Umvoti Goldfield', which is situated on the 
Tugela River, 12 ian ESE of Ngubevu (Figures 2 & 3). At 
Phoenix, the style of mineralization is similar to that 
observed at Ngubevu, although the gold-bearing quartz 
veins are thicker (up to 75 cm). The mineralized shear zone, 
which is about 3 m wide, occurs in medium-grained 
·actinolite-clinozoisite-sericite metagabbro dipping 65°S. 
Hatch (1910) reported a grade of 5,49 glt Au over 0,6 m 
along a 50 m strike length. Significant gold mineralization is 
confined to relatively undeformed quartz veins within the 
shear zone, where the metagabbro is retrogressed to a 
chlorite-biotite schist containing up to 20 ppb gold. 
The Mpapala Goldfield 
The goldfield is situated in a poorly exposed area, some 
22 ian west of Eshowe (Figure 2). It comprises four small 
workings (Rebellion, New Year, Havilah, and Cooper's 
Shaft) which were in operation at the turn of the century 
(Table 4). The gold is disseminated in quartz veins in 
amphibolites of the Silambo Formation (Tugela Group) and 
in a later. sheared aplitic dyke. The quartz veins lie within 
narrow shear zones, one of which is continuous for over 
2 ian, from the Rebellion to the New Year workings. The 
Au in the Mpapala Goldfield is clearly of hydrothermal, 
epigenetic origin, similar to that at Ngubevu. 
Gold-bearing, massive to semi-massive sulphides 
The mineralization in the i'Thuma River area (Figures 2 & 
6) is associated with two lithologies: amphibolitic metalavas 
.composed of hornblende and plagioclase with minor quartz, 
epidote, chlorite, biotite, and 'pyrite; and pelitic/psammitic 
metasediments. The psammitic rocks consist of quartz and 
plagioclase with subordinate muscovite and biotite, whereas 
the metapelites contain more mica, along with variable 
quantities of gamet, staurolite, kyanite, and chlorite. 
Clearly, most of the originally amphibolite-grade 
assemblages have been pervasively retrogressed. Harmer 
~------------------~OM----------________ ~I 
WEST EAST 
Figure 4 Schematic cross-section through the gold workings at 
Nkunzana Mine (courtesy of the Government Mining Engineer. 
Johannesburg). 
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Table 4 The Mpapala Goldfield statistics 
TOTAL TONS GRADE KNOWN EXTENT MAX. WlDTH OF ORlENTATION OF 
WORKING CRUSHED (gIt) OF ORE BODY ORE BODY (m) ORE BODY 
Rebellion 508 1,7 16,8m Strike 1,7 045/80 SE 
15,9m Depth 
Havilah 189 6,9 Strike not known 1,5 037 N ertical 
19,8 Depth 
New Year 436 5,2 Strike not known 5,5 037Nertical 
11,0 m Depth 
Coopers 40,5 450m Strike 2,0 045/85 SE 
Shaft 7,6m Depth 
New Occurrence >9 
(this work) 
(1979) pointed out that assemblages reflecting the peak 
metamorphism are rare because of this retrogressive event 
which was associated with the later northward-directed 
thrusting. Smalley (1980) recognized three phases of folding 
in the area. The mineralization takes the form of a 
stratabound massive to semi-massive sulphide layer, hosted 
by the psammitic and pelitic schists and gneisses. The 2 m 
wide mineralized sulphide unit is strongly sheared and 
contains abundant secondary fuchsite. It has been folded 
into a major, NE-plunging, Fl antiform, with both limbs 
. dipping NW at about 40" (Figure 6). Shearing has occurred 
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Figure 5 Channel sample metal values across level three 
crosscut, east Nkunzana Mine. Values in ppm, samples over 1 m 
intervals. 
contrast. The intensity of this shearing decreases towards the 
core of the sulphide unit. Thin magnetite quartzite layers are 
developed in the hanging wall. Pyrite (10-50% of the rock) 
is the dominant sulphide, with minor galena and sphalerite. 
The following results were obtained from the best 
mineralized 1 m width of the sulphide zone over a 120 m 
strike length south of the westernmost waterfall (Figure 6): 
eu Pb Zn Ba Au Ag 
(%) (%) (%) (%) (ppm) (ppm) 
Highest 0,83 1,79 0,81 1,10 2,76 87,0 
Mean 0,29 0,32 0,18 0,43 1,25 27,0 
(n=25) 
The high base metal, Ba, and Ag values are characteristic of 
large sediment-hosted syngenetic exhalative base-metal 
deposits, e.g. Aggeneys, NW Cape Province (Ryan et al., 
1986). Enhanced gold and silver values were also obtained 
. from the sheared sulphide rock and the immediately 
adjacent host rocks. The biotite-chlorite-phlogopite schist 
which forms the footwail, southeast of the ~ulphide layer, 
contains abundant, concordant pyrite-chalcopyrite segrega-
tions up to several centimetres in length, along with 
numerous thin, phlogopite-rich, sulphide veinlets. Minor 
tourmaline and andalusite are locally present in this horizon, 
which is interpreted as a feeder zone for the overlying 
exhalative-type mineralization. The passage of fluids 
through the footwall schist unit gave rise to observed 
biotite-chlorite-phlogopite-calcite-andalusite alteration as-
semblage. Silica introduced by premetamorphic, exhalative, 
mineralizing fluids forms medium-grained veins and 
segregations associated with the sulphides. Gold is enriched 
in the feeder zone sulphides up to 230 ppb, thus indicating 
that the mineralizing fluids were themselves gold-bearing. In 
other words, the gold mineralization is syngenetic in origin 
and not the result of a late epigenetic event, though, the 
extent to which mobilization and possible further 
concentration of the gold during shearing is not clear. At the 
Maranda J Cu-Zn deposit in the Murchison greenstone belt, 
comparable sulphide lenticles (pyrite-pyrrhotite-
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Figure 6 Geological map of the area surrounding the i'Thuma massive / semimassive sulphide body. 
'stringers' that were transposed into the foliation during 
deformation (Maiden, 1984). 
Large et al. (1988) recognized two distinct spatial and 
mineralogical Au associations in some Australian volcano-
genic massive sulphide deposits: 1) a Au-Zn-Pb-Ag associa-
tion with gold concentrated in the stratigraphic hanging 
wall; and 2) a Au-Cu association typically occurring in the 
footwall stringer zone. A similar situation is apparent at 
i'Thuma where the Pb-Zn-Ag-Au association occurs in the 
massive to semi-massive sulphide body, whereas the 
footwall stringer zone consists of pyrite and chalcopyrite 
only. Gold values in the sulphides from this latter zone vary 
from 20 to 230 ppb Au. It is therefore proposed that the 
i'Thuma River mineralization represents the fIrst example of 
a syngenetic, sediment-hosted, volcanogenic, submarine-
exhalative, auriferous, massive sulphide deposit to be 
recognised in the Natal Metamorphic Province. 
Magmatic ores 
Sithilo Complex 
The Sithilo ultramafic complex intrudes amphibolites of the 
Tugela Group about 27 km west of Eshowe (Figure 2). The 
complex, which consists largely of serpentinized dunite, 
initially assumed economic importance in 1904 when veins 
of good quality chrysotile asbestos were discovered 
(Hedges, 1906). Interest in the Sithilo massif was renewed 
in the early 1950's when four, low-alumina chromite ore 
bodies were delineated (Wuth & Archer, 1986). The 
chromite was subsequently exploited from four adits driven 
into the northeasten flank of Sithilo Hill. During 1952-53, 
2000 t of high-grade chrome concentrates were produced. 
In three of the workings chromite occurs in lenticular bodies 
measuring 1,5 m by 30, 12 and 20 m respectively, whereas 
in the fourth working a 15 m diameter, southeast-pitching, 
pipe-like chromitite body is developed. The chromite itself 
forms irregular or banded stringers, irregular stockworks and 
isolated pods. These typically podiform chromitite ore 
bodies are limited in extent owing to faulting as well as to 
rapid lateral and downdip variations in Cr concentration. 
Chromite grades within the four ore bodies vary from 9 to 
50% Cr203 while Cr(Fe ratios range from 1 in lower grade 
ores, up to 3,3 in the highest grade ores (Wuth & Archer, 
i986). A similar, small~r, deposit occurs in the Ntulwane 
serpentinite, some 4 km northeast of Sithilo. 
Cu-Ni sulphides at Sebenzani 
Anomalous Cu-Ni values have recently been recorded from 
the Sebenzani area, 8 km west of Empangeni (Figure 2). 
The occurrence is situated just south of the Natal Thrust 
Front, in amphibolites, talc schists and actinolite schists, 
which have been intruded by later gabbros (Schutte & 
Schurink, 1986). The mineralization takes the form of 
pyrrhotite, pyrite, chalcopyrite, and pentlandite (Knoetze, 
1988). Borehole results (0,32% Ni and 0,09% Cu over 1 m 
at 63 m depth) suggest that supergene enrichment of the 
metals has taken place in the oxidised zone (0,8% Ni, 0,6% 
Cu, 0,1% Co over 5 m at 25 m depth) . 
Matthews (1972) considered the Sithilo Complex to be a 
segment of lower oceanic crust which was emplaced along, 
or proximal to, an active thrust zone during the Natal 
tectonothermal event, ie. it is an Alpine-type, ophiolitic 
chromite deposit (Wuth & Archer, 1986). A similar origin 
was suggested for the Sebenzani body (Knoetze, 1988). 
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Tugela Rand Layered Suite 
The Tugela Rand Layered Suite (Wilson, 1990) fonns a 
differentiated mafic to ultramafic body which intrudes 
amphibolitic gneisses of the Tugela Nappe, 10 km north of 
Kranskop (Figure 2). Small, irregular chromite ore bodies 
occur within the serpentinite, but the ore is of rather low 
grade, containing a maximum of only about 25% Cr203 
(Hatch, 1910). Possibly more significant, however, are the 
Cu, Ni and Co sulphides which are disseminated within the 
lowennost pyroxenitic and peridotitic rocks. A diamond drill 
hole sunk in the NE portion of the complex gave peak 
results of 0,12% Cu, 0,25% Ni, and 0,027% Co over 3,1 m 
(Versveld, 1981). The Tugeia Rand Suite represents the 
product of alkali basalt magmatism at -1 200 Ma which 
was intruded prior to the main defonnation and 
metamorphism (Wilson, 1990). 
Mambula Complex 
The Mambula layered mafic complex intrudes amphibolites 
of the Tugela Group near the confluence of the Tugela and 
Mambula Rivers, 20 km east of Kranskop (Figure 2). It 
consists largely of medium-grained gabbro with subordinate 
norite, websterite, and vanadium-bearing titaniferous 
magnetite layers, together with concordant, coarse-grained 
to pegmatitic diallagite and anorthosite dykes and sills 
(Schulze-Hulbe 1979). Contacts dip radially towards the 
centre of the body, implying a broadly saucer-shaped 
ge<:lilletry. At least six magnetite-rich layers from 1 m to 
5 m thick are recognized (Reynolds, 1986). These consist of 
up to 90% V-Ti-magnetite, ilmenite, and pleonaste. Trace 
amounts of sulphides (pyrrhotite, pentlandite, cubanite, 
chalcopyrite and pyrite) have been recorded. The lateral and 
vertical extents of the ore horizons are uncertain, but Luyt 
(1976) estimated ore reserves to be 22 Mt at an average 
grade of 45,92% Fe, 11,53% Ti~ and 0,56% V20 S• The 
Mambula Complex fonned by the fractional crystallization 
of a mafic magma and the ores themselves accumulated 
during the latter stages of the crystallization sequence 
(Reynolds, 1986). The more felsic and Fe-rich nature of the 
Mambula Complex suggests that it represents the higher part 
of a layered complex than the Tugela Rand body (Reynolds, 
1986). It is uncertain whether both bodies are the result of 
the same magmatic episode, though both were intruded prior 
to the main regional tectonometamorphic event, and 
dismembered by northward-directed thrusting. 
Alkaline complexes 
Three distinct localities of peraikaline rocks have been 
recognized in the northeastern part of the Tugela Terrane. 
Each contains subeconomic occurrences of various elements 
which are typically associated with alkaline and A-type 
granite complexes (Scogings, 1989). These include localized 
Zr and Nb (zircon and pyrochlore) concentrations in syenitic 
and carbonatitic gneisses at Bull's Run (Von Backstrom, 
1962; Scogings & Forster, 1989); Nb, Zr, Y, Sn and REE 
anomalies in quartz-magnetite-zircon 'blows' in peralkaline 
rocks of the Ngoye Complex (Scogings, 1986), and local 
concentrations of Zr, Nb, Y, Zn, and REE in the alkaline 
gneisses of the Wangu Hill area (Figure 2). 
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Mineralization in the Mzumbe Terrane 
The northern part of the Mzumbe Terrane, from the 
Mapumulo thrust to Durban, has been neither geologically 
mapped in detail, nor systematically prospected. The late-
tectonic rapakivi granites and sulphide-bearing chamockites 
of the Oribi Gorge Granitoid Suite, which constitute ca. 
60% of the surface area of this region, appear to be barren. 
South of the latitude of Durban, the belt has been more 
comprehensively studied, and minor Cu-Ni (in gneisses of 
the Mapumulo Group), U-Th (in aiaskitic and pegmatitic 
rocks) and W (in calc-silicate rocks) occurrences have been 
documented. The most interesting deposits, however, are the 
enigmatic gold occurrences of the 'Umzinto Goldfield', the 
western sector of which boasts the only intennittently 
working gold mine in the Natal Metamorphic Province - the 
Dumisa Mine. 
Shear zone-hosted gold 
In the southern part of the Mzumbe Terrane, the 'Umzinto 
Goldfield' comprises 16 Au occurrences, prospects and, old 
mines, including the partially reopened Dumisa Mine 
(Figure 1). The nearby Alfreda Mine is reportedly 
reopening in the near future. The host rocks of the 10 known 
Au occurrences in the western sector are highly sheared, 
leucocratic, syntectonic granite gneisses of the Mzimlilo 
Suite, and fine-grained pink, acid gneisses of uncertain 
origin (Thomas & Gain, 1989). In the eastern sector of the 
'goldfield', the Mzimlilo granites and banded gneisses of the 
Quha Fonnation constitute the host rocks. In general, the 
gold in all the occurrences appears to be both disseminated 
in the sheared host rocks and concentrated in later en 
echelon quartz-sulphide vein arrays. Thomas & Gain (1989) 
noted that the geological setting at Dumisa is similar to that 
at the Renco Mine, Zimbabwe. 
W-Mo in Ca-rich gneisses 
Minor scheelite mineralization in amphibolites, diopside-
rich gneisses and magnetite quartzites in the Mvoti River 
valley, constitute the only known metalliferous occurrences 
north of Durban (Figure 1). Schutte (1976) and Du Preez 
(1976) considered this mineralization to be of pegmatitic 
origin, whereas Stephan (1977) argued that the scheelite 
(which is hosted in Ca-rich gneisses) resulted from the 
metasomatic interaction of W-bearing pegmatitic fluids with 
the country rocks. The scheelite takes the form of white, 
subhedral grains and stringers in saccharoidal, greyish-
green, diopside-hornblende gneisses. These rocks are 
associated with cherts and magnetite quartzites which are 
possibly of chemical origin. There is a significant dearth of 
granitic or pegmatitic rocks in the immediate vicinity of 
known mineralization. Consequently, Scogings (1984), 
found no significant amounts of W in the pegmatites of the 
general area and concluded that the mineralization was of 
stratifonn, sedimentary-exhalative type. A similar mode of 
origin has been proposed for most of the tungsten deposits 
in Namaqualand (Bowles, 1988), and the Mittersill scheelite 
deposit in Austria (Thalhammer et al.. 1989). Minor Mo 
showings have been recorded from the Mvoti River area, but 
the scheelite itself is Me-poor. 
The presence of alluvial scheelite in the Mpambanyoni 
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River valley west of Umzinto, has long been known (Hatch, 
1910). Additionally, a loose boulder of calc-silicate gneiss 
containing > 300 ppm W has been collected from this 
general area (Andreoli & Hart, 1985). These anomalies are 
probably associated with fairly extensive tourmaline-
bearing, calc-silicate horizons which have been identified in 
the Mpambanyoni River (Thomas, 1989b) 
Cu-Mo in granitoids and Cu-Ni in ultramafic rocks 
A Cu-Mo showing is known from the Mfume area, 30 kIn 
SW of Durban (Figure 1). The copper occurs as 
chalcopyrite disseminated in banded gneisses of the 
Mapumulo Group and as secondary malachite. Scattered 
values of up to 0,78% Cu were obtained with minor Mo, 
along an old adit. Two small Cu-Ni anomalies have been 
documented from the area West of Durban (Figure I), 
hosted by small serpentinite bodies within gneisses of the 
Mapumulo Group (Schutte, 1976). However, the Ni and Cu 
is contained within silicate minerals. 
U-Th in pegmatites and alaskites 
In the Umzinto area, 60 kIn SW of Durban (Figure I), a 
number of U and U -Th anomalies have been discovered as a 
result of recent exploration projects (Evans, 1984). Most of 
these are associated with biotite-bearing pegmatites and 
alaskites, with localized U concentrations up to 900 ppm 
(Hart & Barton, 1984). An occurrence of a quartz-xenotime 
rock with 53% modal xenotime gave U and Th 
concentrations of 1,26% and 1,88% respectively (Evans, 
1984). Andreoli & Hart (1985) concluded that the U-Th 
mineralization in this area was concentrated in the 
pegrnatites themselves and/or associated with shear zone-
related polymetallic vein systems. 
Mineralization In the Margate Terrane 
The granulite facies Margate Terrane is the most barren area 
of the Natal belt. No metalliferous occurrences have, to 
date, been identified within it. Ironically however, the most 
important economic deposit of the Natal Metamorphic 
Province is located in the Margate Terrane - the extensive 
and valuable marbles which are exploited at 'Marble Delta ', 
near Port Shepstone. 
Discussion, conclusions and some speculations 
The main findings of this study can be summarized as 
follows: 
1. Mineralization in the Natal Metamorphic Province is not 
uniformly distributed in the three major tectonostratigraphic 
terranes recognized. The greenschist to amphibolite facies 
Tugela Terrane is the most well-endowed with metals. 
Mineral occurrences become more sparse to the south, into 
the higher-grade terranes, such that no metalliferous 
showings are known from the granulite-charnockite Margate 
Terrane. So little of the recently discovered amphibolite 
terrane in northern Transkei is exposed that no occurrences 
have been identified there (Thomas & Mawson, 1989). 
2. Eighty percent of the Mzumbe and Margate Terranes are 
made up of granitoids which, except for very localized U 
(Th) showings in pegrnatites and alaskites, are barren . Other 
mineralization is hosted in supracrustal gneisses which 
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constitute less than twenty percent of the Mzumbe and 
Margate Terranes, but a far higher proportion of the Tugela 
Terrane. 
3. The abundance of epigenetic gold occurrences in the 
Tugela Terrane can possibly be attributed to the voluminous, 
oceanic basic metalavas of the Mfongosi and Tugela 
Groups, which may represent the original source of the gold 
(eg. Anhaeusser, 1986). It is suggested that the precious 
metals were leached from the mafic rocks, firstly by 
seawater interaction, and then by prograde metamorphic 
dewatering. These mineralized fluids would have migrated 
upwards along syntectonic thrust planes during the 
obduction event. Ore deposition subsequently occurred at 
shallower levels in shear zones. Syntectonic sodic granitoids 
were a source of some of the metals (Cu-Ag at Mfongosi), 
whereas other deposits may be related to early volcanogenic 
exhalative activity. Yet another possible source for the gold 
could have been the greenstone remnants which are exposed 
along the southern margin of the Kaapvaal Craton, and 
which may presently underlie the imbricate thrust front. 
Recent gravity modelling by Barkhuizen & Matthews 
(1990) suggested that the Archaean rocks extend for at least 
30 km to the south of the thrust front, beneath the Tugela 
Terrane. 
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Figure 7 Major tectonic features and mineral occurrences in the 
Natal Metamorphic Province (features in the Tugela Terrane from 
Matthews & Charlesworth. 1981). 
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4. The final location of the mineralization is structurally 
controlled (Figure 7). As previously outlined, the epigenetic 
precious metals are thrust and shear-zone related. In the 
Tugela Terrane, the mineralized Alpine-type, syntectonic 
serpentinite bodies were probably intruded along major 
structural discontinuities (Matthews, 1972). The Tugela 
Terrane is characterized by extensive thrusting and shearing, 
as a result of oceanic obduction during the Proterozoic, 
particularly in the thrust front (Matthews, 1972). It thus 
contains a large number of important structural 
discontinuities, with the imbricate thrust front in the north 
and the flat-lying, thrust-bounded nappes to the south 
(Figure 7). Structural control on mineralization is also 
evident in the Mzumbe Terrane. The most heavily 
mineralized part of this area is located west of Umzinto, 
where Au, W, and U-Th anomalies have been recorded. 
This is a tectonically complex region with many local 
structural discontinuities of different ages (Figure 7). It is 
suggested that the various thrusts and shear zones within the 
Province acted as zones of crustal weakness and channels 
not only for the migration of metalliferous fluids and 
uranium-bearing late-stage differentiates, but also for the 
emplacement of mineralized, Alpine-type, ultramafic 
intrusions. The layered complexes of the Tugela Terrane are 
pre-thrusting in age, and are thus probably separated from 
their roots. This feature is clearly important in the estimation 
of ore reserves. It also leaves open the possibility of further 
allochthonous thrust slices of similarly mineralized rocks at 
relatively shallow depths within the nappe zone of the 
Tugela Terrane. 
5. Although the Natal Metamorphic Province has not been 
an important source of metallic minerals, it appears that the 
area is not without potential, with the i'Thuma body being 
especially significant. In addition, the fairly extensive schist 
and gneiss belts of the Mzumbe Terrane north of Durban 
have never been systematically examined, neither have the 
remoter parts of the Tugela Terrane. It is furthermore clear 
that that the areas along strike, both east and west from the 
Umzinto Goldfield deserve further investigation. The 
apparently barren, granulite facies, Margate Terrane in the 
far south, would appear to have the least potential with 
respect to metalliferous ores, though the extremely poorly 
exposed Mellville shear zone area should possibly be the 
subject of a more detailed economic study. 
6. In conclusion, the mineralization described here is 
consistent with envisaged models for the evolution of the 
Natal Metamorphic Province. The northern part of the belt 
has been interpreted as a Proterozoic oceanic ophiOlite 
complex (Matthews, 1972; 1981a), with a coeval volcanic 
arc in the Mzumbe Terrane to the south (Matthews, 1981 b; 
Thomas & Eglington, 1990). Thomas & Eglington 
suggested, furthermore, that this magmatic arc evolved in 
response to southward-directed subduction of the 'TugeJa 
Ocean'. Thus, the Tugela Terrane is seen in terms of an 
oceanic basin, with localized sea-floor spreading giving rise 
to the tholeiitic lavas of the i'Thuma Formation. 
Volcanogenic exhalations on the ocean bed, adjacent to 
spreading centres, gave rise to the massive/semimassive 
sulphide body at i'Thuma. Limited hot-spot activity led to 
the development of alkali basalt seamounts, the roots of 
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which are now exposed as the Tugela Rand and Mambula 
intrusions (A.H. Wilson, pers. comm.). The production of 
peralkaline granitoids and associated mineralization took 
place at this time of localized tensional tectonics 
immediately to the south of the Kaapvaal Craton. In this 
regard, it is significant that the alkaline-type mineralization 
is confined to the Nkomo Nappe, the lowest structural unit 
of the nappe zone, and the one which is closest to the craton 
margin. Terrane accretion, northward thrusting, and 
obduction of the Tugela ophiolite onto the Kaapvaal Craton 
then ensued, accompanied by the emplacement of 
mineralized., alpine-type serpentinites. During this main 
tectogenesis, metamorphic dewatering caused mobilization 
and concentration of precious and base metals in extensive 
shear zones. 
The tectonic evolution of the southern terranes is not as 
well understood. It has been suggested that the entire belt 
evolved from the accretion of successive tectonic fragments 
from the south, and that the Mzumbe and Margate Terranes 
may both have had comparable early histories as calc-
allcaline magmatic arcs (Thomas, 1989a; Thomas & 
Eglington, 1990). Localized Ca-rich mafic volcanic and 
sedimentary rocks in this arc-type setting hosted restricted 
tungsten mineralization (cf. Thalhammer et aI., 1989). The 
gold in the Mzumbe Terrane was mobilized and 
concentrated in shear zones, as in the Tugela Terrane, but 
the source rocks are more likely to have been acid igneous 
rocks (Thomas & Gain, 1989). The high thermal input from 
voluminous granitoid melts in the Mzumbe and particularly 
the Margate Terranes have rendered these areas far more 
barren than the Tugela Terrane. 
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ALKALINE / PERALXALINE GNEISSES NEAR THE NORTHBRN MARGIN 
OF 
THE NATAL STRUCTURAL AND METAMORPHIC PROVINCE 
A.J. scogings. 
Pretoria 9991. 
Mineral Development, STK, P.O. Box 213 
IN'l'RODUCTION 
Alkaline / peralkaline gneisses occur within three granitoid 
complexes at Ngoye, BullIs Run and Wangu, near the northern 
margin of the 1199 Ma Natal structural and Metamorphic 
Province (NSMP). A wide range of rock types is present, 
from nepheline syenite gneisses through to peralkaline 
granite gneisses, with minor carbonatite and monzodiorite 
gneiss intrusive phases noted within two of the bodies. It 
is suggested that the three alkaline gneiSS occurrences so 
far mapped constitute the remnants of a metamorphosed 
alkaline magmatic province, and that such magmatism occurred 
either in a post-collisional or anorogenic post-Dl, pre-D2 
tectonic setting. The three complexes are described below 
with respect to aineralogy and cheaistry, followed by a 
brief overview of the possible tectonic setting at the time 
of their intrusion, on the basis of research by scogings 
(1986, 1989) and Scogings & Forster (1989). 
NOOtE 
This is a whaleback massif 39 km in length located at the 
eastern extremity of the NSMP and, on the basis of alumina 
saturation relative to alkalis, there are three granitoid 
gneiss varieties within the Ngoye Complex*: 
Peraluainous gneisses; consisting of quartz, albite and 
aicrocllne with minor amounts of biotite, muscovite and 
garnet. Geocheaically distinct, these rocks are silicic, 
moderately peraluminous and characterised by high Rb, Th and 
U contents, but have low Zr, Sr and Ba values (Nll,Table 1). 
Metalualnous gneisses; consisting of quartz, albite / 
oligoclase and mlcrocllne wit~ biotite and hastingsite the 
characteristic aafics. The HFS elements Nb, Zr, Y and REE, 
in additition to Sa and Sr, are enriched relative to the 
peraluainous gneisses. Rb, U and Th however relatively 
depleted (N675, Table 1). A plug-llke body of monzodiorite 
crops out within the metaluainous gneisses, and comprises 
plagioclase, mlcrocllne, dlopside, hornblende and calcite. 
Peralkallne gneisses; comprising quartz, albite and 
microcline, with the diagnostic sodic minerals riebeckite 
and aegirine. Magnetite may occur to the exclusion of the 
sodic mafics, especially along the southern flanks of the 
massif. The magnetite gneisses are fine grained and host 
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coar3e-grained quartz-magnetite pOd3 enriched in zircon, 
sphene and fergusonite. Both major and trace element 
chemistry reflect the peralkaline heritage of this group of 
gneisses; namely depletion in alumina relative to alkalis 
(Na+K/Al = 1,95), extremely low CaO& Sr and enhanced Zri, 
Nb, Zr & Y contents (N331, Table 1). Chondrite-normalised 
REE patterns are typical for peralkaline granites. The 
quartz-magnetite pods have quite unusual trace element 
chemistry, containing highly anomalous amounts of Zn, Nb, 
Zr, Y, REE (particularly the HREE), V, Th, Pb and Sn (NRl89, 
Table 1). 
BULL'S RUN 
The Bull's Run Complex* (BRC) forms an easterly-trending 
ridge rising to 499m above the Mhlatuze River and is located 
15km north of Eshowe. The BRC has been subdivided into two 
broad lithotypes, in which an envelope of biotite-muscovite 
syenite gneiss surrounds a core of various nepheline syenite 
gneisses. Minor intrusive phases include gneissose 
peralkaline microsyenite dykes and carbonatite sheets, 
generally restricted to areas underlain by b1otite-muscovite 
syenite gneiss. 
Biotlte-auscovite syenite gneis~; granitoid gneisses 
comprising microcline, albite, muscovite and biotite, with 
accessory calcite, apatite and sphene. Chemically this unit 
is silica-saturated and depleted in alkalis relative to 
alumina (Na+K/AI = 9,79), with low concentrations of 
incompati~le elements such as Zr, Y, REE, V and Th (Bl95, 
Table 1). High Sr values in this lithotype are related to 
modal calcite, suggesting derivation of the calcite .fro. a 
carbonatitic source. 
Nepheline-syenite gneisses form the core of the BRC and are 
compositionally zoned, from an outer zone of coarse-grained 
highly undersaturated syenites, through to an inner zone of 
fine-grained relatively siliceous material. Th~ gneisses of 
the outer zone consist predominantly of nepheline, 
microcline, albite and cancrinite with biotite and 
hornblende the diagnostic mafic phases. Geochemically the 
outer zone is distinguished from the inner zone on the basis 
of lower silica contents (B89, Table 1) and from the 
muscovite-bearing gneisses by higher alkali to alumina 
ratios (Na+K/Al = 9,85). Chondrite normalised REE patterns 
are typical for alkaline rocks. The inner zone gneisses, 
comprising albite, nepheline and microcline, are sodic 
(B229A, Table 1) and have peralkaline tendencies (Na+K/Al = 
9,95) with high concentrations of HFS elements such as Nb 
and Zr hosted by pyrochlore and zircon. 
carbonatite gneiss sheets; these are of particular interest 
as metamorphosed carbonatites are not a widely recognised 
~9R 
rock type. Field relationships, aineralogy and chemistry 
have been described by Scogings & Forster (1989) and it 
suffices to note their sovlt~ composltion, comprising modal 
calcite, apatite, biotite, pyrochlore and zircon. Trace 
elements are distinctive, with typical magaatic carbonatite 
Sr, .Nb and REE contents (B46, Table 1). 
WANGU 
Peralkaline gneisses have recently been described 
long granitoid body on Wangu HIll, to the west of 
(Scogings, 1989). These fIne-grained rocks were 
incorporated into the Halambu Formation, 
distributed unit of calc-alkaline granodioritic 
Mafic biotite-rich gneisses are also noted and 
intrude the peralkaline granitoids. 






Peralkallne granitoid gneisses; modally they have a wide 
range in compositions, but essentially co.prise quartz, 
albite, aicrocline, aegirine-augite, magnetite and 
riebeckite. They are depleted in alumina relative to 
alkalis (Na+K/Al up to 1,33), are enriched in iron (FeO up 
to 22%), and have trace element contents typical of 
peralkaline granitoids with elevated Zn, Zr, Nb, Y and REE, 
and low Ba and Sr (W235 & W232, .Table 1). Chondrite-
normalised REE patterns are similar to the Ngoye peralkallne 
gneisses. 
~ 
Alkaline mafic gneisses; sheets of biotite-rich gneiss up to 
38m long exhibit intrusive relationships and comprise modal 
biotite, albite, microcline, apatite and calcite. 
Chemically quite distinct, some samples are highly 
undersaturated with normative leucite and high Zn, Nb, Rb, 
Sr and Ba contents typical of alkaline mafic rocks (W228, 
Table 1). REE patterns are typical of alkaline mafic rocks. 
TECTONIC SETTING 
The major and trace element data from Ngoye ~nd ~wangu have 
been plotted on a wide variety of tectonic disciiaination 
diagrams. These indicate that the peralkaline and 
associated granotoid gneisses are metamorphic derivatives of 
A-type granites which generally occur as anorogenic central 
complexes, such as the Nigerian younger granites. A-type 
granites are also noted to intrude into post-collisional 
tectonic settings and on attenuated continental margins. 
The nepheline syenite / carbonatite association of Bull's 
Run is also typical of central complex magmatism, often 
developed within rift zones and in relatively stable 
continental settings. The discovery of alkaline gneisses in 
the NSMP indicates a magmatic event related to continental 
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TAmE I 
1 1 
1 Nil N675 N331 NRl89 BlOS 1380 - B220A B46 W235 W232 W2281 
1-----------------------------------------------------_1 
1 1 
ISi02 77,38 75,52 76,45 64,89 57,35 51,50 59,78 2,57 68,41 61,16 39,231 
I Al203 12,96 11,77 11,32 1,29 20,79 21,86 22,23 1,08 11,96 5,79 12,251 
IFea 0,75 2,78 2,38 27,36 3,95 4,67 2,02 3,73 - 6,57 21,55 12,571 
lcao 0,25 0,63 0,34 0,86 2,18 3,69 0,19 48,53 0,67 2,82 6,831 
I Na20 4,48 3,97 4,11 0,43 4,41 7~90 8,79 0,11 4,21 3,90 1,551 
I~O 4,41 4,48 4,47 0,45 7,03 6,50 5,80 0,49 6,38 1,18 7,14 1 
11~205 0,01 0,02 0,01 0,18 0,10 0,30 0,01 2,75 0,01 0,04 1,241 
zn 33 96 . 181 985 71 52 37 28 123 898 7711 
INb 64 39 45 8797 201 167 494 2633 303 567 3901 
IZr 97 646 831 29605 439 200 1145 nd 1549 3076 2731 
IY 76 89 132 4780 11 12 3 102 133 385 861 
IU 14 4 3 394 nd nd 32 - nd 7 9 91 
ITh 32 11 18 1065 nd 6 nd 17 109 78 171 
IRb 724 97 153 27 290 197 338 42 294 49 6351 
lEa 3 1207 50 50 1325 2037 91 132 62 287 13251 
ISr 4 51 8 15 743 2055 145 8077 9 20 3411 
IREE 124 434 616 11190 162 353 21 1564 1055 2305 6591 
I I 
WI'E: Major elements in %, traces in ppm; nd = not detectedi REE = total REE 
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BULL'S RUN NEPHELINE SYENI T E 
A NEW DEPOSIT NEW PRODUCT S 
Daly M.J . , Germiquet J.D . and Scogings A.J. 
Kidogo Mining CC, and SA Development Trust Corpor ation Ltd 
SYNOPSIS 
The Bull's Run Syenite Complex is situated in Kwazulu some 6 kms west of the railhead at Nkwaleni and approximately 
60 kms from Richard's Bay. 
Geological and metallurgical work carried out to date indicate that products suitable for glass and ceramic 
manufacture, comparable in quality to commercial nepheline syenites produced in Norway and Canada, can be ob t ained 
from recently explored areas of the Complex . 
These materials, together with ilmenite and apatite which occur in small amounts, and possibly alumina and alkali 
products, demonstrate the potential of the Bull' Run Complex in terms of import substitution and export; its location 
and vast resources enhance this perception. 
1.0 INTRODUCTION 
1988 were 60 000 tons and 75 000 tons per annum respect-
ively. 
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Nepheline syenite is a silica-deficient crystalline rock 
consisting of albite, microline feldspars and nepheline, 
together with varying but small amounts of mafic silicates 
and other accessory minerals. Nepheline-bearing rocks are 
widely distributed around the world but only in Canada, 
Norway, the Union of Soviet Socialist Republics, and the 
United States of America are deposits worked commercially 
on a large scale. 
The majority of nepheline syenite produced in Canada and 
Norway is used in glass and ceramic manufacture; however, 
it is now finding increased acceptance in Europe and North 
America as an extender/filler in the paint and plastic 
industries. A similar pattern of use is anticipated for 
the nepheline syenite products from Bull's Run. 
Current work shows that nepheline syenite products - with 
varying iron levels - can be produced from the rocks 
making up the Bull's Run Syenite Complex; a low-iron soda 
feldspar rich product can also be obtained from within 
the same Complex. In the future, with furthe r development 
and with an established track record in Southern Africa, 
the various nepheline syenite products should also be 
able to compete successfully overseas. 
Since the U.S .S . R. production is geared primarily towards 
usage as a source of alumina, only Canada and Norway can 
be considered as strictly commercial producers; they 
currently export some 440 000 tons and 220 000 tons per 
annum respectively out of a total combined production of 
some 780 000 tons per annum. 
In glass and ceramic sectors nepheline syenite faces 
competition from a variety of other natural and artificial 
feldspathic fluxes, whilst it competes with talc, barytes, 
kaolin and calcium carbonate in the filler applications. 
Over the past few years, small quantities of nepheline 
syenite with a high iron content have been produced from 
a deposit near Pretoria and used locally in ceramic manuf-
acture. Currently the primary feldspathic flux used in the 
glass and ceramic industr ies within South Africa is 
potassium feldspar from the Northern Cape and/or Eastern 
Transvaal. Reported local sales of feldspar in 1987 and 
Figure 1 
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Figure 1 shows the location of the Complex, highlighting 
its ideal situation for both overseas and local markets. 
2 . 0 GEOLOGY 
The Bull's Run Syenite Complex is situated in the Natal 
Mo bile Belt where it forms an east-west elongated body 
approximately 15 kms long and up to 1,8 kms in width. A 
simplified lithological map is shown in figure 2. A 
detailed description of the various rock types is given 
by Scogings and Forster (1989, in press) while a 
comprehensive review of the structural features of the 
area has been made by Charlesworth (1981) . In brief, the 
Bull's Run Complex displays a concentric outcrop pattern, 
with an envelope of biotite- muscovite syenite gneiss 
enclosing a core complex of nepheline-bearing syenite 
gneisses . Isolated carbonatite gneiss lenses occur at 
intervals along the length of the complex. The syenitic 
gneisses are characterised by a penetrative east-west 
planar fabric which dips to the south at an average of 
about 60°. 
As indicated in figure 2 the Bull's Run Complex is 
surrounded by amphibolitic and granitoid schists and 
gneisses of the Tugela and Mfongosi Groups. A major 
structural feature of this area is the Natal Thrust Front, 
which delineates the boundary between the northern limits 
of the Natal Mobile Belt and the southern margin of the 
much older Kaapvaal Craton . 
At present, the simplest geological model to explain the 
attitude and fabric of the complex is a series of vertical 
cylinders, made up of concentric rings of the different 
rock types, which have been compressed and stretched in 
an east-west direction. 
The structure and mineralogy of the bodies are complex 
and further detailed geological, geoch~ical and 
geophysical work will need to be carried out in order to 
present the· true picture of the geology of the Bull's Run 
Syenite Complex. 
. B A 
{~SOdl._""'"n. ml ...... ' . nil • . BULI.!S RUN emm CON PLE:X ~ Bl otH . -ne pn . line , ), e nlt • . 
DSlO1lte-I'ftUaCOYif. s,.nlt •. 
..;) 0 Tug.to a Mton~osl eroups. 
I ~? 3 k.. ,....." 
! '-"~'-----'-----" ~~oo •• o.' Cr.ton. 
3.0 EXPLORATION 
Reconnaissance mapping and sampling was carried out by 
Germiquet (1985,1986a,1986b) of the South African 
Developmer.t Trust Corporation Ltd (STK) over the Bull's 
Run Syenite Complex, which is situated in a particularly 
mountainous and rugged part of Kwazulu. Initial bene-
ficiation tests indicated that a suitable glass-grade 
product could be produced from the coarse-grained 
nepheline syenite occurring within the complex . 
Consequently, further mapping of the complex was carried 
out by STK (Mngomezulu,1986) as well as by Scogings and 
Forster (1989); this latter study identified two previously 
unrecorded nepheline syenite occurrences on the eastern 
limits of the Complex (Target A, Figure 2) . 
In 1987 and 1988 more detailed mapping, surface sampling 
and processing were carried out by Kidogo Mining on the 
nepheline syenites from the eastern part of the complex; 
followed by the drilling of an inclined borehole funded 
by STK. 
Petrographic studies were made of selected sur face and 
borehole samples to assist in delineating the various 
lithologies and also to provide a link with magnetic 
separation data. 
Based on the above information, recoverable reserves of 
nepheline syenite in the easternmost deposits are 
considered to be more than adequate to meet local market 
demand for feldspathic fluxes for at least the next 20 
years, and provide a platform to penetrate overseas 
markets. 
Resources of several hundred million tons of coarse-
grained nepheline syenite occur in the central body of 
the complex over the farms Bull's Run Estate and Black 
Eyes. These areas are, however, currently inaccessible 
and will require detailed exploration and development 
work before they can be successfully exploited. 
In addition, extensive but unproven reserves of a soda 
feldspar-rich nepheline syenite - also with flux potential 
have been identified in other deposits in the eastern 
part of the Bull's' Run Complex as . shown by Scogings and 
Forster (1989) (Target B, Figure 2). 
4.0 BENEFICIATION 
During the initial reconnaissance survey conducted by STK 
in 1985, the selected samples of predominantly coarse-
grained nepheline syenite were obtained from various 
parts of the compiex 'and submitted to Mintek to determine 
whether they could be upgraded by either wet or dry 
magnetic separation . The results were as follows: 
Wet Magnetic Separation 
Samples of coarse-grained nepheline syenite and of a 
leucocratic dyke were upgraded on a wet batch solenoid 
magnetic separator (WHIMS). The resultant products had 
iron contents,a~d recoveries of 0.12% Fe'O' and 54,3%, 
and 0.063% Fe 0 and 82,2% respectively . 
~~~~~ ________________________________ ~=-__ :N.:t!.'~T~"r~U~"~~r~o:nt~. ____ ~ 
IAFTER SCOGINGS AND FORSTER 1989) Dry Magnetic Separation 
Figure 2 . Bull's Run Syenite Complex Geology 
Two further samples of coarse-grained nepheline syenite 
(one from the west and the other from the east of the 
Complex) were obtained and beneficiated over a Neodymium 
Permroll; the resulting grades are shown in Table I. 
These initial results indicate that the major deleterious 
minerals (biotite, garnet, magnetite, ilmenite and sphene) 
can be successfully removed and a product suitable for 
flint glass and high quality ceramic manufacture produced 
which, ,as sho~, is comparable to the Norwegian North Cape 
nephe11ne syen1te (Table I, analysis 1). 
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Although it occurs only in minor amounts, the rejected 
ilmenite can be further upgraded to export quality. 
Subsequent beneficiation of surface and borehole samples 
from the easternmost deposits carried out by Kidogo Mining, 
using a laboratory Carpco dry high intensity induced roll 
separator, has validated the Mintek results and demonstrated 
that despite variations in recoveries and grades of the 
various types of nepheline syenite an acceptable low iron 
product can be achieved by blending. 
Samples from the central and easternmost deposits contain 
varying amounts of apatitie giving p'Os levels ranging 
from 0,05% to 2,30%. Heavy media separation tests indicate 
that these levels can be reduced to less than 0,05% 
yielding a phosphate product suitable for the local or 
export market. 
Dry magnetic separation of samples from the eastern soda-
rich nepheline syenite deposit (Target B) yields a low 
iron product (sample c) generally similar to the 'B' glass-
grade product (sample 2) from Indusmin of Canada, as shown 
in Table I. 
The detailed metallurgical and petrographic work carried out 
therefore indicates that the introduction of a process 
plant comprising a wet high induced magnetic separator and 
spirals/cyclones will provide a range of nepheline syenite 
products from the Bull's Run Syenite Complex at high yields, 
and with marketable by-products of ilmenite and apatite. 
The product specifications, in particular the iron contents, 
can be tailored to meet market requirements both locally 
and overseas. 
In addition to affording high recoveries and grades, wet 
processing improves the efficiency of milling and classifying 

























Beneficiated Syenites, Major Element 
B C 2 
55,71 62,8 55,7 59,7 
0,00 0,00 
23,45 20,6 23,9 23,5 
0,08 0,35 0,12 0,35 
0,23 0,10 
0,64 0,50 
8,69 9,20 8,20 10,20 
7,25 4,69 8,57 5,00 
0.04 0,00 
1,96 1,03 0,91 0,60 
Nepheline syenite,western Bull's Run Complex 
Nepheline syenite,eastern Bull's Run Complex 
Soda-rich nepheline syenite,Bull's Run Complex 
Norwegian North Cape nepheline syenite 
"B" glass-grade product, Indusmin, Canada 
All Bull's Run analyses by fused disc XRF techniques. 
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5.0 END USES 
Nepheline syenite from the Canadian and Norwegian 
producers is used primarily in the manufacture of glass 
and ceramics, and in micronised form as an extender and 
filler in paint, plastics and rubber. In the Soviet Union 
it is used in increasing quantities in the manufacture 
of alumina, alkali carbonates, and portland cement and, 
to a lesser degree, in the manufacture of coloured 
container glass. Nepheline syenite is also used in the 
manufacture of mineral wool and fibreglass, and as an 
ornamental stone for internal decoration. 
Glass 
By far the largest use of nepheline syenite is in the 
manufacture of a range of glass products including 
container glass, opal glass, flat glass and tableware 
glass. Nepheline syenite provides necessary additions of 
alumina and alkalis in the glass batch as it is low in 
silica and contains no free quartz. Nepheline syenite-
bearing glass batches have lower viscosity and easier 
workability compared with those containing potash feld-
spar. 
The lower fusion point of nepheline syenite lowers the 
' m~lting temperature of the glass batch with attendant 
faster melting, higher ' productivity and fuel savings. 
Its high alumina content acts as a stabiliser and improves 
the durability of the finished product by increasing 
resistance to impact, bending and thermal shock. Because 
of these characteristics, significantly less nepheline 
syenite need be used in the batch than is the case with 
other feldspathic fluxes, resulting in favourable overall 
cost savings. 
In Canada about 70% of ftepheline syenite is used for glass 
manufacture and the majority of the export product is 
used for glass-making in the United States. Some 85% of 
Norwegian production is glass grade nepheline syenite -
used mostly in the UK and Europe. 
Ceramic Ware 
Nepheline syenite is used in making a wide range of 
ceramic products where it contributes to the production 
' of the glassy phase which binds other constituents 
together and gives strength to the ware. 
In Europe and North America, the main ceramic application 
' of nepheline syenite lies in the manufacture of a large 
variety of vitreous whitewares, which have iron contents 
of 0,1% or less. These include institution - and some 
fine - tableware,sanitaryware,floor and wall tiles, and 
a range of porcelain bodies. In the case of electrical 
porcelain, the strict requirements of whiteness, trans-
lucency and refractoriness are often relaxed in order to 
use fluxes like nepheline syenite that provide better 
electrical properties. 
Apart from these applications, nepheline syenite is used 
as a frit ingredient in glazes, enamels and structural 
clay products. 
The ready fusibility and abundant fluxing capacity of 
nepheline syenite enable economies to be made by 
permitting reduced body flux content and lower firing 
temperatures or faster firing schedules. 
Extender Pigment and Fillers 
Applications for nepheline syenite in micronised form as 
extender pigments and inert fillers have been found and 
developed. These include exterior and interior latex and 
alkyd paint systems, traffic paints, metal primers, 
exterior wood stains, sealers, undercoats and hardboard 
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ground coats. In these applications nepheline syenite 
has desirable high dry brightness, high bulking value, 
low vehicle demand, extreme ease of wetting and dispersion 
and a stabilising ph value. In paint f ormulations nepheline 
syenite has exceptionally good tint retention character-
istics. 
In plastics, nepheline syenite has found increasing use 
in rigid, flexible, and plastisol-type polyvinyl chloride 
and in epoxy and pol yester resin systems. It exhibits 
extremely low resin demand thus making high loadings 
possible. In PVC resins it exhibits extremely low tinting 
strength, has a refractive index close to that of vinyl 
resin and has a ver y low optical dispersion . 
Mineral Wool and Fibreglass 
Mineral wool is a term applied to manufactured fibres of 
silicate glass with useful properties of thermal and 
acoustic insulation. It is a low priced commodity and 
purity standards are generally low. Since crude nepheline 
syenite in lump form has been found to impart useful 
properties to the fibres as well as assisting the melting 
process, it has been used increasingly in North American 
mineral wool production. 
Fibreglass is a special type of high quality mineral wool 
and the raw material requirements are as stringent as for 
colourless glass . Beneficiated glass grade nepheline 
syenite imparts desirable qualities of durability and 
resistance to devitrification to the glass fibres, in 
addition to acting as a flux, and consequently is used 
extensively in Europe and North America for this purpose. 
Ornamental Use 
The coarse-grained nepheline ~yenites have an attractive 
appearance due to the presence of coloured (cancrinite) 
or darker ferromagnesian (biotite) minerals in a light 
coloured mass of nepheline and alkali feldspar, which 
makes them suitable for ornamental use. 
The poor resistance of the feldspathoids to weathering 
process, and restricted reserves, have generally inhibited 
their large scale use as an ornamental stone for external 
decoration in Europe and North America. Within the Bull's 
Run Complex there are, however, sufficient reserves of 
decorative quality stone which could be exploited for 
internal use. 
Alumina, Cement and Alakali Products 
Rocks rich in nepheline have attracted interest as possible 
sources of alumina, particularly in those countries 
where bauxite resources are limited or supplies are un-
reliable. The U.S.S.R. is understood,however, to be the 
only country where nepheline is actually used to produce 
alumina. This began in 1951 by treating nepheline concent-
rates from the Kola apatite mines. Valuable by-products 
of this treatment are cement and alkali products which 
make an important contribution to the economic viability 
of the extremely capital intensive process. 
In South Africa, preliminary tests were carried out by 
Mintek in 1967 to concentrate nepheline from ijolite of 
the Spitskop Complex and then extract alumina from it. 
Acid leaching was used to extract A~'O) , K'O and Na'O,but 
this process was considered uneconomic. Sintering with 
lime also resulted in the extraction of these oxides at a 
lower cost and this is the method adopted by the Russians. 
In view of the strategic and export potential of the 
alumina which could be obtained from treating the Bull's 
Run nepheline syenite, further research and development 
appear to be warranted, especially as the Bull's Run 
syenites are relatively rich in alumina when compared to 
other syenites in South Africa. 
6 .0 PRODUCTION AND TRADE 
World production of processed nepheline syenite (excluding 
the U.S.S.R . ) , has grown steadily, as indicated in Fig.3, 
from some 250 000 tons in 1961 to current levels of around 
780 000 tons. Major expansion in the glass and ceramic 
markets in Europe and the U.S. has been responsible for 
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Canadian production increased steadily from 240 000 tons 
in 1961 to some 500 000 tons in 1970, and to around 
600 000 tons in 1980 despite a brief decline in 1984/85. 
Approximately 80% of Canadian production is exported, the 
majority to the U.S. and the balance to the U. K. and 
Europe. 
Norwegian production increased from 8 000 tons in 1960 to 
approximately 150 000 tons in 1971, gradually edging up to 
its current level of 230/240 000 tons per annum . Some 90% 
of its production is exported, primarily to Europe (West 
Germany, France, the Netherlands and the U.K. ). 
World-wide the annual growth rate in the production and 
sales of processed nepheline syenite is forecast in the 
range of 2 - 4% (16 - 32 000 tons). 
Both locally and overseas there has been a similar up-
ward trend in the production and sales of nepheline 
syenite's main competitor - feldspar. World production of 
feldspar rose from 2 million tons in 1966 to 3,6 million 
tons in 1980 and 4,1 million in 1984 . Whilst local sales, 
as shown in Figure 4. have risen from 22 000 tons in 1961 
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This data gives an indication of the potential market for 
the Bull's Run nepheline syenites, providing that all the 
technical criteria for substitution can be satisfied and 
the pricing is competitive . 
7.0 CONCLUSIONS 
Current geological and metallurgical work has shown that 
a range of nepheline syenite products suitable for glass 
and ceramic manufacture, locally and overseas, can be 
obtained from the recently explor ed Bull's Run Syenite 
Complex . 
With f urther research and development other marketable 
products s uch as phosphate, ilmenite, possibly alumina 
and alkali carbonates will result. The location and vast 
resources of the Complex enhance its potential for long 
term mineral development . 
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